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In this thesis, research on the radiative-wireless power 
transmission (R-WPT) using radiated electromagnetic(EM) fields is 
presented. More specifically, the analysis and design of quasi-
isotropic antennas, the analytical study on the optimal transmitting 
current, and the efficiency bounds are described. In addition, 
research on the comparison of the EM effects on the human phantom, 
and the effective implementation of the optimal current distribution 
are conducted. The research is described sequentially from the 
passive R-WPT to active R-WPT, which indicate the absence or 
presence of the power supplying base station. 
First, research is conducted on the analysis and design of the 
passive R-WPT antenna. Considering the ambient environment, an 
antenna with quasi-isotropic pattern, electrically small size, and high 
efficiency is proposed. A split-ring resonator (SRR) that radiate 
quasi-isotropic pattern with electrically small size is used as a basic 
structure. The analysis on the SRR is well matched with the 
simulation results. Based on the analysis, folded split-ring resonator 
(FSRR) is proposed and designed for the passive R-WPT antennas, 
and verified through the measurement. A dualband and wideband 
FSRR that can harvest more ambient power is designed as an 
extended work. The proposed antennas are compared with recent 
studies showing superior performances. On the other hand, the 
receiving power of the passive R-WPT is very low due to low power 
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density of ambient field, a study on the active R-WPT, which can 
transfer wireless powers from the base station to the mobile antenna, 
is conducted as a next step. 
In the active R-WPT, a study on the way to effectively transfer 
wireless power to the mobile devices by using a transmitting tower 
is described. The optimal current distribution of the transmitting 
surface, and maximum power transfer efficiency (PTE) bounds when 
the transmitting area is limited are analytically derived. Through the 
results, it is possible to figure out the maximum efficiency bounds for 
the mid-range R-WPT and the optimal shape of transmission current 
distribution that could not be found by the conventional method. 
The results indicate that the optimum current distribution on the 
transmitting surface and the maximum efficiency of radiative WPT 
depend on the radiating field pattern of the mobile antenna. To 
generalize the proposed theory, an additional analysis in lossy 
environment is carried out. The optimal transmitting current and 
efficiency bound in lossy media is found for a couple of examples. 
The results are compared with the previous works to verify the 
proposed theory. Based on the results in lossy media, the EM effects 
on the human body is investigated. 
Lastly, research on the effective implementation of the theoretical 
current distribution as practical antenna arrays is described. Based 
on the previous research, two techniques that can effectively realize 
the ideal current are proposed in designing a thinned array. An 
optimization using genetic algorithm, and deterministic density 
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tapering are applied to sample the theoretical current distribution. As 
a results, the proposed thinned arrays show improved performance 
compared to the same number of densely arranged regular arrays. In 
particular, the use of density tapering has advantages in cost, weight, 
efficiency than the same number of the regular array. In addition, it 
is possible to transmit wireless power with better efficiency even 
when the position of the receiver changes. 
 
Keywords: RF energy harvesting antenna, Radiative wireless power 
transmission, Microwave power transmission (MPT), Efficiency 
maximization, Implanted medical devices Thinned Array 
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Chapter 1. Introduction 
1.1. Classification of Wireless Power Transmission 
 
Recently, wireless power transfer (WPT) has drawn substantial 
interest for increasing number of wireless devices and such as 
personal mobiles, electric vehicles, wearable sensors, and 
implantable medical devices (IMDs) [1-3]. For example, the 
numerous sensors for Internet of Things (IoT) environment that 
require periodic battery changes can be used for a long time without 
efforts. Particularly, when WPT is applied to IMD inserted in the 
human body, the battery can be reduced. Therefore, it can also be 
used for a long time without additional surgery to replace battery. It 
is also possible to easily charge the compact mobile devices used in 
daily life without complicated wires. In particular, when remote 
charging is implemented for the personal mobile devices, the concept 
of charging, and the worry about running out of battery may 
disappears.  
WPT can be classified in two ways, non-radiative and radiative 
WPT, according to the use of radiating fields. The majority of 
wireless power transfer systems used in commercial products are 
based on non-radiative fields coupling which is also called reactive 
near-fields coupling [4-7]. For instance, inductive coupling, which 
uses the mutual magnetic coupling between a receiver coil and 
adjacent transmitter coil, is one popular technology [4, 5]. It operates 
with high power transmission efficiency (PTE), even for very high 
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power applications. However, a misalignment or change in distance 
between the transceiver coils can severely degrade the PTE. Another 
popular technique is magnetic resonant WPT, which uses the coupled 
resonance of transmitter and receiver coils via the magnetic near 
fields [6, 7]. Even though it lessens the problem of misalignment and 
distance variation, there are still issues such as efficiency 
degradations over long receiving range or physical size of receivers 
which is unsuitably big for compact mobile devices with high 
efficiency. 
Radiative WPT, which is based on the propagating electromagnetic 
(EM) waves, has been proposed recently to overcome the operating 
range limits and alignment sensitivity of the non-radiative fields 
coupling [8-18]. For example, a retro-directive array has been 
proposed to direct the transmitting propagating waves onto a receiver 
[8, 9]. The time-reversal (TR) technique is suggested to focus more 
EM power onto a mobile antenna using channel properties [10-12]. 
A phased array beam-forming that increases antenna gain has been 
studied [13-15]. In addition, interesting studies that use both non-
radiative and radiative fields have been conducted to increase the 
PTE, especially for bio medical applications, where the distance 
between the base and mobile receiver is close [16-20]. Although 
previous research has demonstrated several methods to improve the 
PTE of radiative WPT systems, there has been little discussion of 
the efficiency bound of the radiative WPT, especially when the 
transmitting area is limited, which can be important for the practical 
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design of radiative WPT systems. 
 
 
1.2. Separation of Operating Regions 
  
In general, there are three regions depending on the characteristics 
of the existing fields: reactive near-field region, radiating near-field 
(Fresnel) region, far-field (Fraunhofer) region as shown in the Fig. 
1.1. The space where the evanescent fields mainly exist is called 
reactive near-field region, and where evanescent field and radiating 
fields coexist is known as radiative near-field (Fresnel) region 
[21,22]. At the far-field region, the propagating fields can be 
approximated as plane wave and the radiation pattern is independent 
of the distance. Although the distinction between the regions are not 
very clear, the boundary of the region is usually defined as a 
maximum phase difference greater than 𝜋 8Τ  that occurs by the 
emitted field from the edge and the center of the transmitter antenna. 
 On the other hand, the radiative-wireless power transmission 
(R-WPT), which are dealing with in this study, is a region in which 
the radiating fields are more dominant than evanescent field, so it is 
slightly different from the boundary of radiative near-field region in 
the textbook in [20, 21]. The criterion of the radiative region is 
described in the Fig. 1.2 using an electrical point source [21]. The 
magnitude of the evanescent field is depicted as a straight line, while 









Fig. 1.2 Magnitude of evanescent field and propagating field according 
to the radial distance [21]. 
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Following that figure, the propagating field predominates the 
evanescent field from the radian distance, and the area where the 
magnitude of the propagating field is dominant is defined as radiative 
region. 
For example, consider the current flowing on the large transmitter 
antenna as sum of equivalent Huygens sources or point sources. The 
reactive evanescent fields will exist just around each point sources, 
and even if they are added together, the region where evanescent 
fields dominate is not as far from each sources as the boundary of 
the reactive near-field region. It implies that the boundary of the 
radiative region can be quite different with the boundary of reactive 
near-field and radiative near-field region. Therefore, this study can 
be applied from a part of so-called reactive near-field region to far 
field region, and the distance from the source and even the distance 













1.3. Passive and Active Radiative-Wireless Power 
Transmission 
 
In this thesis, two types of the R-WPT, passive R-WPT and active 
R-WPT, are introduced according to the presence of base station.  
The passive R-WPT indicates that there is no intended transmitting 
source. Because the passive R-WPT does not have an intended 
transmitting base station, it must collect the ambient EM field that 
exists around itself. By collecting the surrounding EM energy, it can 
be used as an energy source for low-power sensors. This 
technology is called radio frequency (RF) energy harvesting (EH), 
and has recently attracted attention as an energy source for 
numerous low-power sensor nodes in IoT environments as shown in 
the Fig. 1.3.  
 
 




The first thing to consider in order to collect the ambient power 
using RF EH is to figure out the EM energy in the atmosphere. The 
measured RF power density at different places, (a)London, UK, (b) 
Colorado, USA, (c) Seoul, South Korea, are described in the Fig. 1.4 
[23-25]. The resultant data indicate the averaged received EM 
power is strong at GSM 900 and GSM 1800 bands which is 
approximately a few hundred nW/cm2 to a few uW/cm2. In order to 
harvest weak electromagnetic energy in the atmosphere and utilize it 
as power source, the design of an antenna for passive R-WPT should 
consider the effective way to capture ambient power as much as 
possible. The passive R-WPT can be applied to the low-power 
devices or self-sustainable devices such as numerous IoT sensors. 
However, application of the passive R-WPT is restrictive, because 




















Fig. 1.4 Measured ambient RF power at ourdoors [23-25]. (a) 
London. (b) Colorado, USA. (c) Seoul, South Korea. 
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On the other hand, the active R-WPT, indicating the system 
including the base station which transmits PTE power for mobile, can 
provide more power to the receiver as shown in the Fig. 1.5. The EM 
power emitted by the base station should be properly handled to 
transfer wireless power to the receiver without harmful effects to 
the environment. Therefore, the way to maximize PTE is important 
in the active scenario. The maximum PTE can be improved when the 
operating distance becomes close. However, the PTE cannot be 
expected by using Friis equation, which is widely used to calculate 
link budget, when the distance between the base station and the 
mobile becomes close. The maximum efficiency versus τ , which 
contains transmitter and receiver area and distance between them, is 
plotted in the Fig. 1.6 [26]. The blue line indicates the classic formula 
based on Friis equation, while the green line indicates the formula 
including the operation in the radiative region. However, it cannot be 
applied to practical antennas such as dipole and patch antennas. In 
this thesis, the maximum PTE is derived analytically regardless of 
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Fig. 1.6 Maximum efficiency for the R-WPT. Green and blue lines 






In the active R-WPT, an analysis on the maximization of PTE and 
optimization of transmitting source is proposed as a first step. Based 
on the optimal transmitting current, the maximum efficiency bound 
and the way to minimize transmitting area are described. The active 
R-WPT is analyzed in the free space (i.e. outdoor and indoor) and 
extended to the lossy media (i.e. Implanted in human body or 
concrete layer), which is more general scenario. The applications of 
R-WPT is described in the Fig. 1.7 [1, 14, 16,27]. In addition, 
electromagnetic human exposure and the implementation of the 
optimum transmitting source need to be studied in a practical point of 
view. Because the active R-WPT is able to control the transmitting 
power, it has potential to charge mobile devices or implantable 
medical devices. The outline of 1the R-WPT in this thesis is 
described in the following figure. The contents are described in order 
as shown in the Fig. 1.8. 
Lastly, the implementation of the theoretical current distribution is 
described. Array thinning technique is introduced to effectively 
implement the mathematical current sheet as practical array antennas. 
It is expected that array thinning of the transmitter can have 
advantage in terms of weight, cost, power consumption, heat 






   





Fig. 1.7 Application of R-WPT. Examples of lossless R-WPT (a) 
Array antenna by Raytheon. (b) Indoor R-WPT for mobile devices 
[1, 14]. (c),(d) Examples of lossy R-WPT : Implatable medical 
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 In this chapter, we will study the antenna used in the passive R-
WPT. This chapter presents a study on the analysis and design of an 
RF EH antenna that take into account the essential requirements. 
First, because the electromagnetic energy in the air is incident in a 
random direction, it must be able to receive electromagnetic waves 
incident in all directions. Therefore, the RF EH antenna must have an 
isotropic pattern that can radiate in all directions. Second, it should 
be designed to be as small as possible so that it can be applied to a 
small sensor node. Therefore, a compact antenna in terms of 
electrical size is designed. Lastly, because the energy density of 
electromagnetic waves in the atmosphere is very weak, the antenna 
must be able to operate with high efficiency. The following research 
describes the analysis and design of the RF EH antenna suitable for 
passive R-WPT environment, aiming to design an antenna with 









2.2. Analytical Study on RF Energy Harvesting Antenna 
 
2.2.1. Previous Research 
 
 Designing an ideal isotropic antenna with polarizations in every 
direction is not possible [1], however, quasi-isotropic antennas have 
been proposed in recent research [2-8]. A general way to design a 
quasi-isotropic antenna is to use orthogonal electric or magnetic 
dipoles which provide omnidirectional radiation pattern, as shown in 
Fig. 2.1. For instance, a quasi-isotropic radiation pattern is obtained 
by two perpendicular electric dipoles [2], or four monopoles with a 
sequential phase feeding network [3]. On the other hand, in [4], a 
dielectric resonator antenna using an electric dipole combined with 
an equivalent magnetic dipole generates quasi-isotropic pattern 
without any complex feeding network as there is a 90-degree phase 
differences between the radiated fields of an electric and magnetic 
dipole [9]. However, the quasi-isotropic antennas mentioned above 
are not electrically small enough to apply to compact wireless 
platforms. 
   An electrically small antenna is desirable for the electrically 
small size of device platforms. Many recent studies have taken 
advantages of metamaterials (MTMs) to achieve electrically small 
size of the antennas [10-14]. Particularly, the SRR structure, one of 
the MTMs, is commonly used in various ways in designing passive 
elements such as antennas [13-15]. For example, in [15], the 
several types of SRRs are used to miniaturize the electrical size of 
antennas with high radiation efficiency. However, the feeding 
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structures of these SRR antennas are complex and bulky due to the 
poor radiation characteristics of the SRR structure.  
In this chapter, an electrically small quasi-isotropic antenna that 
uses folded split ring resonator (FSRR) is presented. The compact 
and simple SRR resonator is used as it can generate an electric dipole 
and magnetic dipole simultaneously, thereby providing the quasi-
isotropic radiation pattern. The magnetic coupling of the folded 
structure is applied to improve the radiation characteristics of the 
SRR antenna. The details of the design are described and discussed 








                     
 
(a)                    (b)                        (c) 
 
Fig. 2.1. (a) Radiation pattern of an electric dipole. (b) Radiation 




2.2.2. Analysis on Split-Ring Resonator 
 
In this chapter, an analytical study is presented on the lossless SRR 
and FSRR. The first step is calculating the magnetic and electric 
dipole moments in terms of the radiation resistances of the SRR. The 
folded dipole analysis is then applied to the SRR using the equivalent 
circuit to verify the operation of the FSRR. 
The configuration of the lossless SRR placed on the xy-plane is 
shown in Fig. 2.2. The SRR can be considered as the curved dipole 
with the radius (r0) and gap (g) at the end, therefore, the current 
distribution can be approximated as a sinusoidal form with the 
maximum value at the feed center and nearly disappear at the SRR 
gap. Therefore, the time-varying current can be written as 
 






 ቁ  cos(𝜔𝑡) 𝜑ො            (2.1) 
 
where 𝐼0  is the maximum amplitude of the current, 𝜔  is the 






 ). The radiation 
resistance (𝑅𝑟𝑎𝑑,𝑆𝑅𝑅) of the SRR can be obtained by calculating the 
magnetic and electric dipole moments, which are the sources of the 















׬ 𝒓 ×  𝑰 (𝜑, 𝑡) 𝑑𝑙.                 (2.2) 
 
and the result of the integration is 
 
𝒎𝒛 = 2 𝐼0 𝑟0
2 𝑐𝑜𝑠(𝜔𝑡) 𝒛ො.                (2.3) 
 
The expression of the time averaging power of magnetic dipole 
moment [17] is: 
 




Fig. 2.2.  Configuration of the SRR antenna with parameters. W = 
0.2, r0 = 26. g = 10. (unit: mm) 







where 𝜇0 is free-space permeability, 𝑚0 is the maximum value of 
the magnetic dipole moment, and 𝑐  is the speed of light. The 
radiation resistance associated with the magnetic dipole moment is  
 
𝑅𝑟𝑎𝑑,𝑚 =  
32
3





               (2.5) 
 
where  𝜂0  is the free space intrinsic impedance and 𝜆  is a 
wavelength at the resonance frequency. 
The electric dipole moment can be evaluated using the following 
equation [17]: 
 
𝒑 = ׬ 𝒓 𝜌𝑙 (𝜑, 𝑡) 𝑑𝑙.                 (2.6) 
 
where 𝜌𝑙  (𝜑, 𝑡) is the line charge density, which can be obtained 
from continuity equation below 
 
𝜌𝑙  (𝜑, 𝑡) =
𝐼0
2 𝑟0𝜔






 ቁ 𝑠𝑖𝑛(𝜔𝑡).        (2.7) 
 
The integral can be calculated using the antisymmetric line charge 
density with respect to  𝜑 = ( 
−𝜋
2
 ),  resulting in the x-directed 











The radiation resistance of the infinitesimal electric dipole is found 




where 𝑝0  is the maximum value of the electric dipole moment. 




The total radiation resistance of the SRR, which can be expressed 
as a sum of 𝑅𝑟𝑎𝑑,𝑝 and 𝑅𝑟𝑎𝑑,𝑚 since each dipole moments is excited 
by the identical current 𝑰 (𝜑, 𝑡), is then 
 
𝑅𝑟𝑎𝑑,𝑆𝑅𝑅 =  
32
3













.     (2.11) 
 
Therefore, the SRR can be considered as the magnetic dipole (𝑧Ƹ) 
with orthogonal electric dipole (𝑥ො), which can be the magnetic current 
source (  𝑀ሬሬԦ ) and electric current source (  𝐽Ԧ ) , respectively. 
According to Maxwell’s equations, the radiated electric field from 
each current source propagates alternately with 90-degree phase 
shift. Consequently, the SRR provides a quasi-isotropic radiation 
pattern since the omnidirectional pattern of each dipole which are 
orthogonally aligned, is added. 





𝑅𝑟𝑎𝑑,𝑝 =  
32
27








2.2.3. Analysis on the Symmetric Folded Split-Ring Resonator 
 
The configuration of the FSRR is shown in Fig. 2.3. The FSRR 
would be considered as a symmetric (i.e., W1 = W2) and an 
asymmetric (i.e., W1 < W2) FSRR, depending on the width ratio (W2 / 
W1) of the top and bottom SRRs. 
For the symmetric FSRR (W1 = W2), the folded dipole analysis, 
which uses a transmission line mode (odd mode) and antenna mode 
(even mode), can be applied to the FSRR so that the input impedance 




where 𝑍𝑡𝑙  and 𝑍𝑎𝑛𝑡 are the input impedances of the transmission 
line mode and antenna mode, respectively. It is worth mentioning that 
the transmission line mode of the FSRR, which has a curved structure, 
can be approximated as the transmission line mode in a planar 
structure when 𝑟0
2 ≫  𝑠2 [19]. Thus, 
 
𝑍𝑡𝑙 = 𝑗 𝑍0 𝑡𝑎𝑛( 𝛽𝑙 )              (2.13) 
 
where 𝛽  is the phase constant, and 𝑙  is the half of the 
circumference of the FSRR, and 𝑍0 is the characteristic impedance 
of two-wire transmission line. Referring to [18, 20], 𝑍0  can be 
evaluated using the equivalent radius (re)  approximation to the strip 
(W) when 𝜆 ≫ W (i.e., re = 0.25 W) .  
𝑍𝑖𝑛,𝑠𝑦𝑚 =  
4 𝑍𝑡𝑙  𝑍𝑎𝑛𝑡 





            (2.14) 
 
where 𝑠 is the distance between top and bottom SRRs as described 
in Fig. 2.3. The equivalent circuit and its input impedance is 
presented in Fig. 2.3. The 𝑍𝑡𝑙 is calculated using (2.13), whereas the 
𝑍𝑎𝑛𝑡 is evaluated using the equivalent circuit of the SRR with the five 
elements model [21], which are extracted from the SRR simulation 
results. The input impedance of the equivalent circuit and the 






Fig. 2.3.  Configuration of the FSRR antenna with parameters. W1 
= 0.2, r0 = 26, s= 5, g = 10. (unit: mm) 
 
𝑍0 = 120 𝑐𝑜𝑠ℎ
−1 ( 







 The point of interest is the input impedance at the 
fundamental resonance (i.e., 𝑙 ≈ 𝜆/4 ), therefore, further study is 
conducted on the radiation resistance of the FSRR at the resonance 
with respect to the electrical size (ka). The antenna mode of the 
lossless FSRR can be understood as the SRR at the fundamental 
resonance, thus, 𝑍𝑎𝑛𝑡 would be 𝑅𝑟𝑎𝑑,𝑆𝑅𝑅 in the lossless condition. At 
the fundamental resonance, the 𝑍𝑡𝑙 diverges to infinity and the 𝑍𝑎𝑛𝑡 
would be 𝑅𝑟𝑎𝑑,𝑆𝑅𝑅, therefore, the input impedance of the symmetric 
 
 
Fig. 2.4. Equivalent circuit model of the symmetric FSRR and its input 





𝑍𝑖𝑛,𝑠𝑦𝑚 =  4 𝑅𝑟𝑎𝑑,𝑆𝑅𝑅              (2.15) 
 
which is evaluated in (2.11). 
The calculated and simulated radiation resistances at the resonance 
of the SRR and FSRR in terms of the electrical size are presented in 
Fig. 2.5. The simulated radiation resistance values are extracted from 
the full-wave simulator CST at various resonant frequencies by 
changing the relative permittivity of the lossless substrate, which is 
circular ring shape inside the FSRR with 1mm thickness. The 
analytical expression in (2.15) is then calculated using the resonance 
frequencies of the simulation results. The parameters described in 
Fig. 2, which satisfy the conditions for the analysis, are used for the 
calculation (2.14). The simulated and calculated results show 
reasonable agreement, even though small discrepancies appear 
around the lower resonances, which are caused by the capacitive 
loading effect at the gap (g) when the relative permittivity of the 
substrate is high. The results verify the folded dipole analysis on the 
FSRR, indicating that the poor radiation properties of the SRR can be 
enhanced by applying the folded structure and maintaining its quasi-
































Fig. 2.5. Calculated and simulated radiation resistance plot for the 
SRR and symmetric FSRR. 
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2.2.4. Analysis on the Asymmetric Folded Split-Ring 
Resonator 
 
The analysis of the asymmetric FSRR (W1 < W2) can be developed 
with the current ratio of the top and bottom strips of the FSRR, which 
determine the impedance transform ratio. The current divided on 
each conductor strip of the asymmetric FSRR can be represented as 
a current division factor [22] with an equivalent radius approximation 




where s is spacing, re1 and re2 are equivalent radius of W1 and W2, 
respectively. The input impedance of the asymmetric FSRR at the 




The equivalent circuit of the asymmetric FSRR and its input 
impedance with simulated results are described in Fig. 2.6, and they 
show acceptable agreement. The radiation resistance of the 
asymmetric FSRR is also analyzed to describe the features of the 
FSRR. As 𝑍𝑡𝑙  diverges to infinity and 𝑍𝑎𝑛𝑡 is 𝑅𝑟𝑎𝑑,𝑆𝑅𝑅  at the 
fundamental resonance, as explained in the previous section, the 
input impedance becomes  
 
𝑎 =
𝑙𝑛 (𝑠 / 𝑟𝑒1)
𝑙𝑛 (𝑠 /𝑟𝑒2)
 
𝑍𝑖𝑛,𝑎𝑠𝑦𝑚 =  
2 (1 + 𝑎)2 𝑍𝑡𝑙  𝑍𝑎𝑛𝑡 




𝑍𝑖𝑛,𝑎𝑠𝑦𝑚 = (1 + 𝑎)
2 𝑅𝑟𝑎𝑑,𝑆𝑅𝑅 .            (2.18) 
 
The calculated and simulated radiation resistances of the 
asymmetric FSRR, when the width ratio (W2 / W1) is 2 and 4, are 
compared in Fig. 2.7. The other parameters are set identically with 
the symmetric FSRR case, and the relative permittivity of the 
substrate is changed to control the resonant frequency. The results 
are well matched for both cases even if small errors are present due 
to the capacitive loading effect near the gap. The results imply that 
the use of the asymmetric FSRR structure further improves the 
radiation performances of the antenna by simply increasing the width 
ratio (W2  / W1) or decreasing the spacing (𝑠), which makes the 
current division factor (𝑎) large. 
In Fig. 2.8, the calculated radiation pattern of the asymmetric FSRR 
is presented with the simulated results. Since the FSRR is an 
impedance transformed SRR at the resonance, as followed by the 
equivalent circuits, the radiation pattern can be calculated using the 
magnetic and electric dipole moments of the SRR. The compared 
radiation patterns are well matched and present a quasi-isotropic 
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Fig. 2.6. Equivalent circuit model of the asymmetric FSRR and its 




Fig. 2.7. Calculated and simulated radiation resistance plot of the 






                 (a)                              (b) 
 
(c) 
Fig. 2.8. Simulated and calculated polar pattern at (a) xy-plane, (b) 







2.3. Design of RF Energy Harvesting Antenna 
 
2.3.1 Antenna Design 
 
Following the analysis in the previous section, the FSRR operating 
at 900MHz ISM band is designed. The configuration of the proposed 
antenna is shown in Fig. 2.9(a). The antenna is designed on the 
Rogers ULTRALAM 3850 flexible substrate with thickness = 25um, 
εr = 2.9, tan δ = 0.002, and half ounce copper. The proposed antenna 
is based on SRR structure to take advantage of its benefits, such as 
the quasi-isotropic radiation pattern and the electrically small size 
of the resonator. However, the input impedance of the single SRR is 
too low for direct feeding to a 50-ohm coaxial cable. The radiation 
characteristics of the single SRR are improved by applying the 
concept of folded dipole, which uses magnetic coupling of closely 
spaced dipoles [18]. According to the transmission line and antenna 
mode analysis of the half-wave folded dipole in [18], the input 
impedance can be increased by a factor of n2 when there are n-
elements of closely spaced half-lambda dipoles. Thus, the radiation 
characteristics of the single SRR are improved by applying the folded 
structure, as shown in Fig. 2.9(a). The ratio of the width of the lower 
SRR (w1) and the upper SRR (w2) is chosen to match the input 
impedance as 50 ohm. 
The FSRR is then made more compact by providing capacitive 
loading using the interdigital capacitors (IDCs) at the end of two arms, 
where the voltage would be maximum. The resonance frequency of 
the FSRR can be easily tuned by controlling the dimensions of the 
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IDCs. The length (w4), width (w5), and the gap (g3) of the IDCs are 
determined to set the resonance frequency as 886 MHz. The size of 
the FSRR is 44 × 44 × 6.5 mm3 (0.13× 0.13 × 0.02 λ3) or ka = 0.41. 
The values of the parameters are optimized using CST full–wave 



















r 22 w1 1.4 
h 6.5 w2 4.3 
g1 1 w3 4 
g2 0.8 w4 0.7 












          
(b)                           (c) 
Fig. 2.9. (a) Geometry of the proposed antenna. (b) Perspective view 
of the fabricated antenna. (c) Rear view of the fabricated antenna. 
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2.3.2 Results and Discussion 
The proposed FSRR antenna is fabricated through a flexible printed 
circuit board (FPCB) process with the flexible substrate. The 
perspective view and rear view of the fabricated antenna are shown 
in Fig. 2.9(b) and (c) respectively. The FSRR antenna with the 
flexible substrate is soldered at the front center to form a circular 
shape. The inner and outer conductors of the coaxial cable are 
connected to the left and right sides of the feeding gap (g1), 
respectively. The proposed antenna has balanced feeding structure 
by putting ferrite beads on the outer conductor which are used to 
prevent the current from flowing the coaxial cable and disturbing the 
radiation of the antenna. 
It is worth mentioning that the radiation of the FSRR antenna with 
an electric dipole and magnetic dipole differs from that observed with 
the magneto-electric dipoles which provide unidirectional radiation 
pattern [23, 24]. The former excites an electric dipole and a magnetic 
dipole simultaneously, while the latter excites two dipoles with 90-
degree phase differences. Therefore, the radiated electric field of the 
FSRR would not be canceled out, and it forms quasi-isotropic 
radiation pattern with dual-polarization in the x-direction and y-
direction.  
The simulated and measured reflection coefficients of the proposed 
antenna are shown in Fig. 2.10 The resonance frequency of the 
fabricated antenna is 888 MHz and the resonance frequency of the 
simulation result is 886 MHz. With reference to Fig. 2.10(a), the 
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measured 10-dB FBW is 1.8% (881 – 897 MHz). The simulated and 
measured values of the realized gain and total radiation efficiency are 
plotted in Fig. 2.10(b). The measured gain of the fabricated FSRR 
antenna varies in the range of 1.6 dBi to 2.1 dBi in the 10-dB 
bandwidth, whereas the gain of the simulated one varies from 0.4 dBi 
to 1.3 dBi. The measured gain shows higher value than the simulated 
one as a result of the non-uniform radiation pattern, which is caused 
by measurement tolerances. The peak value of the measured total 
radiation efficiency is 91% with a lower bound of 81% across the 
bandwidth. The simulated and measured results of the FSRR antenna 
show reasonable agreements although small discrepancy arises due 





                             (a) 
  
 
                             (b) 
Fig. 2.10. Simulation and measurement results of (a) Input reflection 
coefficient. (b) Maximum realized gain and total radiation efficiency. 
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The simulated and measured radiation patterns in elevation (xz, yz) 
plane and azimuthal (xy) plane are shown in Fig. 2.11 at the 
resonance frequency of 886 MHz and 888 MHz, respectively. Based 
on the polar plot result in the xz plane as described in Fig. 2.11(a), 
the radiation of two dipoles can be observed by the 𝐸𝜃 component of 
the x-directed electric dipole and the 𝐸𝜙  component of the z-
directed magnetic dipole. The electric fields generated from the 
electric and magnetic dipole radiate with dual-polarization along the 
x and y direction. In Fig. 2.11 (b) and (c), the  𝐸𝜃  components 
appeared only in the measurement results, due to unexpected 
scattering in the experimental environments. As shown in Fig. 2.11, 
the simulated gain deviation is 2.3 dB with 1.33dBi maximum gain and 
-1.01 dBi minimum gain. The simulated gain deviation value is less 
than 3dB, which is the theoretical limit of gain deviation when it is 
based on two ideal point sources [4] since the proposed antenna does 
not generate two ideal point sources. 
Fig. 2.12 shows the measured gain contour of the proposed antenna 
at 888 MHz. The maximum gain appears around the y-axis, where 
omnidirectional radiation patterns of the electric dipole and magnetic 
dipole are overlapped. The measured gain deviation is 5.2 dB with 
2.12 dBi maximum gain and -3.08 dBi minimum gain, as depicted in 
Fig. 2.12. 
Table.2.2 lists the antenna performances of the proposed FSRR 
antenna compared with recently studied quasi-isotropic antennas 
[2-4]. As the table shows, the proposed antenna is the most compact 
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in terms of the electrical size (ka = 0.41) with a minimum value of 
the measured gain deviation (∆ = 5.2 dB), despite its lack of any 




                                        
        
(a) (b) 
 
                                     
                           (c) 
Fig.  2.11. Simulated (886 MHz) and measured (888 MHz) radiation 
patterns of the proposed antenna. (a) xz-plane. (b) yz-plane. (c) 
xy-plane.  
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(a)                   
 
(b) 
Fig. 2.12. (a) Measured gain contour of the proposed antenna. (b) 
Measured 3-dimensional radiation pattern. 
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Table.2.2 lists the antenna performances of the proposed FSRR 
antenna compared with recently studied quasi-isotropic antennas 
[2-4]. As the table shows, the proposed antenna is the most compact 
in terms of the electrical size (ka = 0.41) with a minimum value of 
the measured gain deviation (∆ = 5.2 dB), despite its lack of any 
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A compact quasi-isotropic antenna using FSRR is presented in this 
letter. The proposed antenna is based on the single SRR structure, 
which can excite the magnetic dipole and orthogonal electric dipole 
at the same time to form the quasi-isotropic radiation pattern. The 
folded structure and capacitive loading of IDCs are applied to the 
single SRR to improve its radiation characteristics and make the 
electrical size more compact. The resonance frequency of the FSRR 
antenna is 888 MHz and the FBW is 1.8 % with at least 81 % of total 
radiation efficiency. The electrical size is ka = 0.41 and the measured 
gain deviation is 5.2 dB, which are remarkable results compared with 
those of recently reported studies. The operation of the proposed 
antenna is verified experimentally with reasonable agreements. 
Therefore, the proposed antenna can be used as a promising 
candidate for compact wireless communication systems with quasi-

















In order to collect as much power as possible, it is necessary to 
expand the operating band. In this section, the design of an isotropic, 
compact, high-efficiency antenna that operates independently in a 
dual band is proposed. A dualband quasi-isotropic antenna is 
described by implementing SRRs orthogonally and applying the folded 
dipole structure. Compared to the conventional quasi-isotropic 
antennas, which can operate at singleband, the proposed antenna 
provides dualband operation within a compact size as a first time. 
 
2.4.2 Antenna Design 
 
The proposed antenna configuration is described in Fig. 2.13(a) 
with parameter values. For better understanding of the suggested 
antenna structure, it would be considered as two parts, horizontal (xz) 
and vertical (yz) elements, separately. The horizontal element is 
based on the SRR, which provides quasi-isotropic radiation pattern 
by exciting an electric dipole (𝑥ො) and perpendicular magnetic dipole 
(𝑦ො) simultaneously. The folded dipole structure is then applied to the 
SRR, which is FSRR, to enhance the radiation performances of the 
antenna. The input resistance can be easily controlled by adjusting 
the width ratio (w2 / w1) of the FSRR and the resonance frequency 




For the design of the dualband quasi-isotropic antenna using 
FSRRs, the mutual coupling between the elements should be 
considered. Since the SRR can be regarded as the equivalent electric 
dipole and magnetic dipole, the mutual coupling would be significantly 
reduced when the equivalent dipoles of each element are orthogonal. 
The additional FSRR element is, thus, implemented vertically for the 
high band operation. As a results, the elements can independently 
resonate at each band. 
The proposed antenna is fabricated on the flexible substrate, 
Rogers ULTRALAM 3850, with 4 mils thickness, ε𝑟 = 2.9, tan δ =
0.002. The horizontal element is etched on the front surface of the 
substrate while the vertical element is etched on the reverse side. 
The development figure is then folded and soldered. The 50-ohm 
balanced feed is connected to the both FSRRs through via holes and 
a ferrite bead is used to prevent the current from flowing on the outer 
conductor of the coaxial cable. The proposed antenna also can be 













Fig. 2.13. Configuration of the proposed antenna. W1 = W2 = 2, W1v 
= 0.8, W2v = 3, W3 = 2, r = 28, g = 3, rv = 18.4, gv = 0.7, s = 0.8. 
(unit: mm) (a) Geometry of the antenna, (b) Perspective view of 





2.4.3 Results and Discussion 
 
Fig. 2.14 shows the simulated current distribution at each 
resonance using CST full-wave simulator. It indicates that the 
elements resonate at their own frequency with little coupling as 
intended. In Fig. 3a, the simulated and measured reflection 
coefficients are depicted. The measured resonant frequencies are 
792 MHz and 1124 MHz, with the fractional bandwidth of 2.8 % and 
1.8 %, respectively. The measured total radiation efficiency across 
the bandwidth is higher than 86 % at the low band (LB) and 85.5 % 
at the high band (HB). as described in Fig. 2.15(b). The measured 
gain is 1.8 dBi (LB) and 2.33 dBi (HB), which are higher than 
simulated gain results. The differences might be caused by the 




   
(a)                                  (b)  
Fig. 2.14. Simulated current distribution of the proposed antenna. (a) Low 










Fig. 2.15. Simulated and measured results of the proposed antenna. 





The radiation patterns are plotted in Fig. 2.16 for both LB and HB 
resonances. The radiated electric field of the equivalent electric 
dipole and magnetic dipole can be verified from the theta and phi 
components in Fig. 2.16(a) and Fig. 2.16(d). The measured results 
generally agree with the simulated results although small discrepancy 
arises due to fabrication and measurement tolerance. The 
performances of the proposed quasi-isotropic antenna are compared 
in Table.2.3. As shown in the table, the suggested work can provide 
quasi-isotropic pattern at dualband, while other studies can operate 
at singleband. To the best of the author’s knowledge, no previous 
work has been proposed the dualband quasi-isotropic antenna. In 
addition, the designed antenna shows an electrically small size and 



























Fig. 2.16. Simulated and measured polar pattern of the proposed 
antenna. Low band resonance (a) xy-plane. (b) yz-plane. (c) xz-




















Performance comparisons of the measured results with 
 recent works  









[2] singleband 1.16 6.64 11.0 
[3] singleband 1.63 5.75 20.8 
[4] singleband 1.05 5.60 6.9 
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In the previous sections, antennas for energy harvesting operating 
in a single band and a dual band are proposed. In this section, a wide-
band RF energy harvesting antenna that complements the 
shortcomings of the previous antennas are proposed. The 
bandwidth-enhanced model is devised to improve the FBW of the 
single-band energy harvesting antenna. The FBW of the Korean LTE 
band is 3.4% (865 MHz ~ 890 MHz), but the FBW of the designed 
single band antenna is 1.8%. The proposed wideband model can cover 
4.9% of FBW, and it can fully harvest the ambient EM energy of the 
targeted cellular band signals  
In this section, a bandwidth-enhanced quasi-isotropic antenna 
using two orthogonally aligned FSRRs is described. The bandwidth is 
increased by placing each resonance closely with little coupling. The 
details of the proposed antenna are discussed, and the experimental 








2.5.2. Antenna Design 
 
The configuration of the proposed orthogonal folded split ring 
resonators (OFSRRs) is shown in Fig. 2.17. The OFSRR antenna is 
composed of two perpendicular FSRR antennas, one on the horizontal 
(xz) plane with the outer conductor of the substrate and the other on 
the vertical (yz) plane with the inner conductor. The balanced port is 
set to directly feed both FSRRs through the via holes that connect 
the feeding points of the two elements. The horizontal and vertical 
FSRR elements are designed with identical parameters except the 
gap (gh, gv) and the parameters optimized with full-wave simulator 












Following the current analysis in [25], the SRR can excite the 
equivalent electric dipole and the orthogonal magnetic dipole that 
compensate each pattern null providing a quasi-isotropic radiation 
pattern. Then the FSRR can be easily matched to 50ohm by applying 
the folded dipole concept to the SRR structure to make the radiation 
characteristics better.  
The OFSRR is composed of two FSRRs that provides a quasi- 
isotropic pattern and each resonance is placed close together to 
enhance the bandwidth. The coupling between two FSRRs can be 
reduced by implementing them orthogonally, which means that the 
equivalent electric dipole or magnetic dipole of the horizontal FSRR 
is orthogonally aligned with the electric dipole or magnetic dipole of 
the vertical FSRR, respectively. As a result, the proposed OFSRR can 
achieve the expanded bandwidth providing the quasi-isotropic 
pattern with electrically small size. 
The development figure of the proposed antenna is fabricated using 
TABLE. 2.4 
Parameter Values of the Proposed Antenna 
Symbol Quantity Symbol Quantity 
r 26 h 6.5 
w1 1.5 g 1 
w2 2.4 gh 2.7 















the flexible printed circuit board (FPCB) process on the flexible 
substrate, Rogers ULTRALAM 3850 with 4 mils thickness, 
tanδ=0.002, ε𝑟=2.9 and half ounce copper. The development figure 
is then folded and soldered at the side as shown in Fig. 2.18. Ferrite 
balun is used to keep the current from flowing in the outer conductor 







    
(a)                           (b)  
Fig. 2.18 Photos of fabricated OFSRR antenna. (a) Perspective side 







2.5.3. Result and Discussion 
 
Fig. 2.19(a) shows the reflection coefficient of the proposed 
antenna with the resonant points of the simulated values at 859 MHz 
and 886 MHz and the measured values at 868 MHz, 884 MHz. The 
simulated 10-dB fractional bandwidth is 5.49%, which is from 850 
MHz to 898 MHz. The measured 10-dB FBW is about 5% (854-898 
MHz) with ka=0.47. In Fig. 2.19 (b), the simulated and measured 
total radiation efficiency and maximum realized gain are plotted. The 
measured total radiation efficiency is higher than 76.3% in the 
bandwidth with two peak values around 94%. The measured 
maximum realized gain values are in the range of 0.94 to 1.98 dBi 
and normally higher than the simulated values as the uniformity of 
the quasi-isotropic simulated pattern is affected by the measurement 
environments. The simulated and measured results show good 
agreement despite of small discrepancies due to fabrication 
tolerances. 
The simulated current distributions at each resonance are 
described in Fig. 2.20 The current distribution shows that the 
horizontal FSRR resonates only at the first resonance and operates 
as an equivalent electric dipole in the x-direction and as a magnetic 
dipole in the minus y-direction resulting in dual polarization on the 
xz-plane [25]. Fig. 2.20(b) indicates that the vertical FSRR 
resonates only at the second resonance exciting an electric dipole on 
the y-axis and magnetic dipole on the x-axis leading to dual 
polarization on the yz-plane. The electric dipole and the magnetic 
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dipole at each resonance provide a quasi-isotropic pattern as the 
omnidirectional patterns of the dipoles are added. In addition, the two 
electric dipoles or magnetic dipoles are perpendicular to each other, 
which means there would be little coupling although the two 









Fig. 2.19. Simulated and measured results of the OFSRR antenna. 
(a) Reflection coefficient. (b) Total radiation efficiency and 
maximum realized gain.     






Fig. 2.21 presents the polar patterns of the proposed OFSRR 
antenna at both resonances. The overall patterns are similar to those 
of the single FSRR antenna in [25], except the stronger cross 
polarization caused by the other perpendicular element. Although the 
pattern nulls of the xy-plane are not clear due to strong cross 
polarization, it can be observed that the equivalent dipoles are aligned 






    
(a)                          (b)   
Fig. 2.20. Simulated current distribution of the proposed OFSRR 
antenna.  (a) At the first resonance (859 MHz). (b) At the second 
resonance (886 MHz). 







Fig. 2.21. Polar plot results of the proposed antenna. At low band 
resonances. (a) xz-plane. (b) yz-plane. (c) xy-plane. At high band 








In Fig. 2.22, the measured gain contour graphs are plotted at each 
resonance. The results show that the maximum realized gain appears 
around the z-axis where the two omnidirectional patterns of the 
electric and magnetic dipoles overlapped. The simulated gain 
deviations are 2.59 dB and 2.99 dB at the lower and higher 
resonances, and the values are smaller than 3 dB, a theoretical gain 
deviation limit of the crossed electric and magnetic dipoles [2], since 
the proposed antenna does not work as ideal point sources. The 
measured gain deviations are 4.6 dB and 4 dB at each resonance as 
shown in the Fig. 2.21. The maximum and minimum gain values are 
1.98 dBi and -2.62 dBi at 863 MHz and 1.89 and -2.11 dBi at 888 
MHz.  
The simulated gain deviation versus the operating frequency is 
described in the figure 2.23. The result indicates that the gain 
deviation is greater than 2.3300 and less than 2.9127 at the operating 
frequency (865 MHz ~ 890 MHz). The value of gain deviation 
becomes lower when the two resonances are overlapped. Referring 
the reflection coefficient in the Fig. 2.19(a), the two resonances are 
similarly excited around 870 MHz. Therefore, there exist 4 
equivalent dipole moments, consisting of two orthogonal electric and 
the other two orthogonal magnetic dipole moments. Since the 
equivalent dipole moments can compensate other’s pattern null, the 











Fig. 2.22 Measured gain contour graph of the proposed antenna. 












The lossless SRR is analyzed in terms of radiation resistance by 
evaluating the magnetic and electric dipole moment with sinusoidal 
current approximation. Based on the result, the symmetric FSRR is 
studied by applying the folded dipole analysis that uses the antenna 
mode and the transmission line mode. The asymmetric FSRR is then 
analyzed using the current division factor. The input impedance and 
polar pattern results of the equivalent circuits of the FSRRs generally 
correspond with the simulation. The calculated and simulated 
radiation resistances at the fundamental resonances also show good 
agreement, meaning that the folded dipole structure is successfully 
applied to the SRR to enhance the radiation properties. This study 
presents a validation of the operation principle of the FSRR, which 
provides a quasi-isotropic pattern and a way to improve its radiation 
characteristics. Therefore, this work can be useful in the design of a 
compact radio frequency identification (RFID) tag antenna that needs 
to match the impedance of the tag chip and that is beneficial with 
quasi-isotropic radiation pattern 
The second section demonstrates the dualband quasi-isotropic 
antenna for the first time. The FSRRs are implemented orthogonally 
to reduce mutual coupling between the elements at each band. The 
simulated and measured results generally corresponds. The input 
resistance and the resonance frequency of the antenna can be easily 
controlled by changing the design factors of each FSRR element. The 
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proposed dualband quasi-isotropic antenna with high efficiency, 
compact size, simple direct feeding can be a prominent candidate in 
modern wireless communication systems. 
The third part describes the bandwidth-enhanced compact quasi-
isotropic antenna based on an OFSRR is investigated in this paper. 
The proposed antenna can simultaneously excite the equivalent 
electric dipole and the perpendicular magnetic dipole at each 
resonance providing a quasi-isotropic pattern. The bandwidth is 
expanded by placing the two resonances close together with little 
coupling as the equivalent dipoles of each resonance align 
orthogonally. The concept of the folded structure is applied for direct 
feeding, and the gap capacitors are used to reduce the electrical size 
as ka = 0.47. The FBW is 5% with measured resonant frequencies of 
868 MHz and 884 MHz, and the measured gain deviation (∆) values 
are 4.6 dB and 4dB at each resonance. The proposed antenna 
operates with noticeable performances compared to other recent 
works and it is a good candidate for a compact RF energy harvesting 
antenna covering the Korean downlink band with the most quasi-
isotropic pattern. 
Based on the proposed antenna, the received power can be 
calculated. The power density of ambient fields, which are describe 
in the Fig. 1.4, can be assumed as 1μW/cm2 at GSM 900 band and 
0.3 μW/cm2  at Wi-Fi band. Assume there is no conductor and 
polarization losses. The effective aperture of the isotropic antenna 
(gain ~1) is approximately 86.7cm2 and 12.4cm2  at 900MHz and 
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2400MHz, respectively. The rectifying efficiency is about 10% when 
the input power is about -30dBm [28]. Therefore, the received 
power of the singleband RF EH is about 8.7 μW. If dualband RF EH 
is applied, 12.4μW can be harvested. Note that the received power 
can easily varying according to the power density of the ambient 
fields. 
The power consumption of the low power sensors and mobile 
devices are listed in the Fig. 2. 24 [29]. For example, the small 
calculator is expected to be powered using RF EH. The smoke 
detector should be charged for 5 seconds, while the gas detector 
needs 6 minutes and 52 seconds. The smart watches (41 minutes 40 
seconds) and even mobile phones (11 hours 12 minutes) is very hard 
to be charged by passive R-WPT. Therefore, the transmitting base 
station needs to be considered in practical scenarios to charge 










       
 
Fig. 2.24 The power consumption table for compact sensors and 
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In the previous chapter, research was conducted for the passive 
R-WPT scenario. However, the power density in the air is not 
constant and is very weak, so the amount of power that can be 
actually collected is quite low in the practical situation. In addition, 
when the incident power is low, the RF to DC rectification efficiency 
is very deteriorated because the incident voltage is hard to exceed 
threshold voltage of the rectifier. Therefore, the passive R-WPT 
described in the previous chapter can be applied to limited 
applications such as low power sensor nodes or self-sustainable 
devices. 
In order to utilize wireless power transmission in real life, the 
magnitude of the received power must be secured to some extent. 
Therefore, in this chapter, a study is conducted to increase the power 
received from the mobile by actively transmitting wireless power 
from the base station. 
 
3.2. Previous Research 
 
Over the last decades, WPT, which can charge the batteries of 
mobile devices without wires, has been developed to improve the 
convenience of mobile users. There are several WPT technologies, 
such as inductive coupling, resonant coupling, and microwave power 
transmission (MPT). Many recent studies on WPT have been 
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conducted on inductive coupling and resonant coupling, which are 
based on the use of the near-field, or evanescent field. In contrast, 
MPT, which is based on the propagating field, has not recently been 
studied as much, even though MPT can increase the operating range 
of WPT. 
Prior studies on MPT have been conducted on long distance WPT, 
which is far-field region. However, in the far-field region, PTE is 
too low to be used in practical environments because of high path loss 
resulting in scarce field density, which also causes poor rectifying 
efficiency. As the distance between transmitter and receiver gets 
closer, there is a possibility that the efficiency can be increased while 
providing spatial freedom. The PTE will be naturally improved when 
the operating distance becomes closer, but it is hard to figure out the 
efficiency using conventional Friis equation since the far-field 
approximation is not satisfied so that the antenna gain cannot be 
defined. It is because the wave front of the transmitting EM fields is 
no longer plane wave, and the field propagating as spherical wave, 
which becomes radiative near-field region. Several previous studies 
have been conducted to handle this difficulty as follows. 
MPT in Fresnel region is extensively researched in the 1960s 
using large array antennas [1–11]. Brown conducted many 
pioneering experiments on MPT for high power applications [1–3]. 
Glaser proposed a future energy source in which a satellite that 
harvested solar power in space using huge array antennas 
transmitted the power to earth via a microwave beam [4]. Goubau 
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suggested a point-to-point reiterated microwave reply system using 
cylindrical waves and showed that a Gaussian beam is the 
approximately optimum transmitting source between two planar 
apertures, especially in the Fresnel zone, which is also known as the 
radiative near-field [5–9]. Kay and Borgiotti also described the 
optimum field of a symmetric transmitting aperture for an ideal 
receiving aperture in the Fresnel region [10,11]. In 1983, 
experiments on MPT applying the phased array technique are 
conducted in space using rockets in Japan [12–14]. Schlesak et al. 
carried out experiments on a fuel-less airplane powered by a 
microwave beam using an array of parabolic antennas [15]. The 
phase-controlled magnetron is designed and employed in airship 
MPT experiments by Shinohara [16–18]. In addition, studies on RF–
DC rectifiers, which are an important component for overall PTE, 
have been carried out [16,18]. Previous research and experiments 
on MPT have proved that MPT can operate with high efficiency, even 
approaching 100%. However, such an MPT system would be too large 
to apply to practical mobile applications in our daily lives. Although 
the optimal transmitting field has been found previously, it is derived 
using an ideal receiving aperture whose shape is circular or 
rectangular with a symmetric tangential field distribution. Hence, the 
results cannot be applied to practical mobile antennas [5–11].  
 Moreover, there have been several methods proposed for efficient 
WPT via the radiative field in small-scale scenarios: retro-directive 
arrays (RDAs) and time-reversal (TR) techniques [19–26]. In [19], 
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an RDA is used in a room scenario to transmit power wirelessly, 
where the efficiency is defined by the beam width. Time-reversal is 
a technique that flips the received signal in time to refocus the 
original field as an incoming wave [23, 24]. Time-reversal in the 
time domain can be interpreted as a phase-conjugation in the 
frequency domain, especially for a monochromatic wave. Fink 
conducted many studies on electromagnetic time-reversal using a 
cavity-like environment [23, 24]. Time-reversal is also used in 
open space using pulse waves to improve efficiency [25,26]. 
However, in most previous works on RDA and time-reversal have 
provided little information about the efficiency bound of the WPT and 
the optimal shape of the transmitters within a given area. 
In this paper, the PTE bound of the radiative WPT is derived for a 
given size of transmitting area and distance between the base station 
(base) and mobile antenna. Moreover, a way to effectively minimize 
the transmitting area to achieve the target PTE is proposed, 
especially for practical mobile antennas. The proposed theory can be 
used for indoor WPT scenarios such as seminar rooms, where base 
area minimization is an important factor relating to the cost, weight, 







3.3. Theoretical Approach 
 
3.3.1 Power Transfer Efficiency 
 
First, consider an arbitrary transmitting current as a base surface 
at position A and a mobile antenna at position B, as shown in Fig. 3.1. 
Assume both electric and magnetic current flow in the tangential 
direction on the base surface. Moreover, the mobile antenna is 
lossless and matched to its load impedance. The PTE is then defined 
as the receiving power at the load of the mobile antenna over the real 
input power at the transmitting current, i.e., 𝜂 = 𝑃𝐵_𝑟𝑒𝑐 𝑃𝐴_𝑖𝑛Τ , which is 
well known as the transducer gain. Our first goal is to determine the 
optimal transmitting current distribution for general types of mobile 
antennas.  
As a first step to formulating the radiative WPT scenario, 𝑃𝐴_𝑖𝑛, 
which denotes the real input power of the transmitting current, is 
presented in terms of the radiating EM field from the current at A, 
which is denoted as (𝐄𝐀, 𝐇𝐀). Because it is assumed to be a lossless 
system, the real input power is equal to the radiating power 
propagating through the closed surface around A as follows: 
 
𝑃𝐴_𝑖𝑛 =  
1
4
𝐄𝐀 )ׯ × 𝐇A
∗ + 𝐄A
∗ × 𝐇𝐀 ) ∙ 𝐧ෝ 𝑑𝑆,        (3.1) 
 





Because we discuss only the real radiating power, which consists 
of the propagating wave, the evanescent field is assumed to be 
negligible in this study. Therefore, the electric and magnetic fields 
radiated from the base current can be related with the free space 







Fig. 3.1. Configurations for the analysis of radiative WPT. (a) A 
continuous base current (𝐉𝐀, 𝐌𝐀) flowing on a surface emits a field 
(𝐄𝐀, 𝐇𝐀). (b) Reciprocal situation: The mobile antenna transmits 





The numerator of the PTE (𝑃𝐵_𝑟𝑒𝑐) can be described in terms of the 
EM field and current density. Using the open circuit voltage 𝑉𝐵_𝑜𝑐 of 
the equivalent circuit model of the receiving mobile antenna, 𝑃𝑟𝑒𝑐_𝐵 




where 𝑅𝐿  is the matched load resistance at the mobile antenna 
terminal, as shown in Fig. 3.1(a). The open circuit voltage 𝑉𝐵_𝑜𝑐 is 
then represented as the radiating field from the current density on 
the base surface and the source of the mobile antenna (𝐉𝐁, 𝐌𝐁) using 
reaction [27, 28] as follows:  
 
𝑉𝐵_𝑜𝑐 = − 
1
𝐼𝐵
𝐄𝐀 )׬  ∙ 𝐉𝐁 − 𝐇𝐀 ∙ 𝐌𝐁 )  𝑑𝑆𝐵,         (3.3) 
 
where 𝐼𝐵  is the magnitude of the current source at the mobile 
antenna when it is used as the transmitting antenna, as shown in Fig. 
3.(b). 
 However, it is too complicated to calculate 𝐄𝐀 and 𝐇𝐀, which are 
the radiated field from the current at A and include the scattered field 
by the conductor surface of the mobile antenna [27, 28]. Then we 
can use the reciprocity theorem to replace them using the field 
radiated by the mobile antenna (𝐄𝐁, 𝐇𝐁), which is assumed to be 
known variables if the mobile antenna has been determined. The PTE 







is then expressed as follows: 
 
  (3.4) 
 
 
3.3.2. Optimum Transmitting Current 
 
The analysis on PTE in (3.4) is a tedious because it involves 
solving all the intricate integrals for the EM field vectors from the 
base current at A (𝐄𝐀, 𝐇𝐀) as described in previous studies [5–11]. 
Here, we use a simple idea to determine the denominator of (3.4) for 
ease of calculation.  
Consider two independent scenarios in which the base current at A 
and the mobile antenna at B radiate respectively, as shown in Figs. 
3.1(a) and (b). Because the input power of the two cases can be 
expressed as radiating power, which is a real value, they can be 
related with an arbitrary positive real constant value α, i.e., 𝑃𝑖𝑛_𝐴 =
𝛼 × 𝑃𝑖𝑛_𝐵. Therefore, the denominator of (3.4) can be represented in 
terms of (𝐄𝐁, 𝐇𝐁), the radiating field from the mobile antenna at B, 
with the scaling constant 𝛼, so that the optimization problem for the 
PTE can be easily solved without complex calculations. 
 The PTE is clearly formulated using the following matrix forms of 
the field and current density vectors: 
 
𝜓 =  ൫ 𝐄
𝐇
 ൯,                   (3.5a) 
 





𝐄𝐁 )׬| ∙ 𝐉𝐀 − 𝐇𝐁 ∙ 𝐌𝐀 )  𝑑𝑆𝐴 |
2
𝐄𝐀 )ׯ × 𝐇A
∗ + 𝐄A




𝜌 =  ൫  𝑱
−𝑴
 ൯,                    (3.5b) 
 
Replacing the real input power of the mobile antenna at B, (3.4) 
becomes  
 
                (3.6) 
 
where 〈𝑓, 𝑔〉𝑆  denotes the inner product of function 𝑓  and the 
conjugate of function 𝑔 on the given surface (i.e., ׬ 𝑓 𝑔∗𝑑𝑆), 𝜓𝐵
𝑇 is 
the transpose of the matrix representing the fields radiated by the 
mobile antenna at B (Fig. 3.1(b)) and 𝜌𝐴
† is the Hermitian of the 
current distribution on the base surface at A. Matrix 𝑍 represents 
the relationship between the electric field and magnetic field radiated 
by the mobile antenna, as described in (3.7). Because only the 
pointing vector normal to the base surfaces is considered, as 
described in (3.4), matrix 𝑍 can be expressed in terms of the inner 
product of the radial vector of the propagating fields (𝜓𝐵) and the 
normal vector of the base surface (𝑆𝐴), i.e., 𝒓ො ∙ 𝒏ෝ. This indicates the 
wave impedance of the mobile fields in the normal direction to the 
base surface currents, as follows:  
 
𝑍 =  (
 (𝒓ො ∙ 𝒏ෝ) 𝑍0Τ 0
0 (𝒓ො ∙ 𝐧ෝ) 𝑍0
).             (3.7) 
 
The expression in (3.6) is a well-known form used in optimization 














problems for estimation and detection [29,30]. Because matrix 𝑍 is 
positive definite, there exists a nonsingular matrix 𝑈 such that 𝑍 =
𝑈𝑈†. The maximum value of (3.6) can be obtained using the Cauchy–
Schwarz inequality. The resultant optimum transmitting base current 
on the surfaces is 𝜌𝐴_𝑜𝑝𝑡 = 𝑘( 𝜓𝐵
𝑇 Z )†, which is  
 
    𝐉𝐀_𝐨𝐩𝐭 = 𝑘
1
𝑍0
(𝒓ො ∙ 𝒏ෝ) 𝐄𝐁
∗,              (3.8a) 
 
𝐌𝐀_𝐨𝐩𝐭 = −𝑘𝑍0 (𝒓ො ∙ 𝒏ෝ) 𝐇𝐁
∗,            (3.8b) 
 
where 𝑘  is a proportional constant. The value of 𝑘  can be 
determined using the initial assumption 𝑃𝑖𝑛_𝐴 = 𝛼 × 𝑃𝑖𝑛_𝐵 . The 
impressed input power at the source A is  
 
𝑃𝑖𝑛_𝐴 =   
1
4
 𝑅𝑒(׬  𝐄𝐀 ∙ 𝐉A
∗ + 𝐇A
∗ ∙ 𝐌𝐀 𝑑𝑆𝐴).       (3.9) 
 
The radiating field 𝜓𝐴 in (3.9) can be expressed in terms of source 
current 𝜌𝐴 using equivalent theorem. Applying the optimal currents 
of (3.8) to the impressed power of (3.9) to solve the initial condition, 
the square of the proportional constant is 
 
                 (3.10) 
 
As a result, the optimal efficiency becomes 











      (3.11) 
 
Note that the denominator of (3.11) indicates the power radiated 
by the mobile antenna at B, while the numerator implies the power 
passing through the region of the given base surface at A (𝑆𝐴 ). 
Therefore, the optimal efficiency can be understood in terms of the 
radiating field for the mobile antenna and the shape of the base 
surface. 
We can see that the optimum current on the base surface for the 
mobile antenna in (3.8) is related to conjugation of the tangential 
fields, which are radiated from the mobile antenna in transmitting 
mode (Fig. 3.1(b)). Note that the optimum current is the same as the 
time-reversal current in the time-harmonic case when the scaling 
factor 𝛼 is 1 and the propagating vector is aligned to the normal 
vector (𝒓ො ∙ 𝒏ෝ = 1) [23-25]. This implies that the maximum PTE can 
be obtained when the radiating field (𝐄𝐁, 𝐇𝐁)of the mobile antenna in 
transmitting mode is reconstructed in the reverse (inward) 
propagating direction. Therefore, the correlation between the 
transmitting field from the base and the radiating field of the mobile 
antenna is an important factor that determines the PTE.  
Note that the proposed theory can be applied to general receiving 
antennas to reveal the shape of the optimum transmitting current and 
the efficiency bounds, while previous works have generally used 
symmetric receiving apertures.   










3.3.3. Minimizing Transmitting Area 
 
Following the results of the previous section, the optimum base 
current should flow on the whole of the surface through which the 
radiating field of the mobile antenna passes to achieve 100% PTE. 
However, it is impossible to use the entire area as a transmitting base 
from a practical point of view. Therefore, we must determine the 
optimal shape of the base current that minimizes the transmitting area, 
as well as the PTE bound when using the allowable area.   
The derivation of (3.11) and its results are valid not only for a 
closed surface of base but also for an arbitrary unclosed surface. If 
the denominator in (3.11) is fixed, the numerator then becomes the 
factor determining the PTE. Following the terms in (3.4) with (3.8), 
𝑉𝐵_𝑜𝑐, which is a critical factor determining the PTE, is defined as the 
correlation of the field emitted from the mobile 𝜓𝐵 and optimal 
source 𝜌𝐴_𝑜𝑝𝑡 on the surface of the base (Fig. 3.1(b)). Therefore, in 
order to maximize the PTE and use the minimum area of the 
transmitting surface, it is necessary to use the region with high 
current flow. To maximize the integral of the numerator over a limited 
transmitting area, any base current below a certain value should be 
removed because it contributes less to the receiving power of the 
mobile antenna. Using this approach, the maximum PTE and the 
minimum transmission area can be related. 
For the sake of better understanding, flow chart in Fig. 3.2 explains 
the method used to maximize the PTE by decreasing the transmitting 
area. The process is based on the arrangement of the base and mobile 
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antenna, the radiating fields of the mobile antenna, and the results of 
the proposed theory in (3.8) and (3.11). The proper use of the “cut” 









Fig. 3.2. Flow chart of the relationships among the transmitting 







3.4. Numerical Examples 
 
The proposed theory is then used to analyze three kinds of actual 
antennas. A 0.5 λ dipole and patch antenna are used as representative 
examples of mobile antennas, and a high-gain horn antenna is 
described as a reference for an aperture antenna. Fig. 3.3 shows the 
configuration of the mobile antenna and transmitting base surface 
which could also be a spatially distributed or conformal surface. The 
transmitting current is assumed to be an ideal electric and magnetic 
current flowing on the tangential surface of the base area. The size 
of the transmitting surface is 𝐿𝐵𝑆  × 𝐿𝐵𝑆. The base and the mobile 
antennas are separated by the transfer distance d. The resonance 
frequency of the mobile antenna is set to 2.4 GHz (the licensed ISM 
band), but can be scaled arbitrarily for specific applications. The 
value of d is set to 0.7 m (5.6 λ), and that of 𝐿𝐵𝑆 is set to 8 m (64 λ) 
to observe the shape of the optimal current in the radiative near-














Fig. 3.3. Configuration for the numerical examples. The base 
surface on which the ideal electric and magnetic current flow on 
the xy-plane with a size of 𝐿𝐵𝑆  × 𝐿𝐵𝑆 . The mobile antenna is 
placed at a distance d from the base surface.  
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3.4.1 Dipole Antenna 
 
The first example of a mobile antenna considered in this study is a 
commonly used 0.5 λ dipole that is aligned in the y-direction. The 
proposed theory is applied to determine the minimum transmitting 
area and the efficiency bound of the dipole antenna. The normalized 
optimal current distribution for the mobile antenna is plotted in Fig. 
3.4. The current on the transmitting surface is removed according to 
a certain percentage (called the “cut”) of the maximum value of the 
square root of the normal pointing vector, as shown in Fig. 3.4. When 
the cut value is 0%, the entire current on the given transmitting 
surface is used. The results show that the shape of the optimal 
transmitting current distribution is not a circle or rectangle, but 
varies from a jar shape to an oval shape according to either the target 
efficiency or available transmitting area, which are both related to the 
cut value. Applying this approach, the target PTE can be obtained 
using minimized transmitting area or a smaller number of transmitting 
antennas. As an example, the transmitting area for a cut of 10% is 
about 1185 λ2 (18.5 m2) and the maximum PTE is about 40.5%. 
When the cut value is 30%, the area of the transmitting surface is 
about 250 λ2 (3.9 m2) and the optimal efficiency is about 29.5%. 
However, the ability to reproduce an omnidirectional field using only 
one side of a planar transmitting surface is limited. Because the dipole 
emits an omnidirectional EM field, the base also needs to reconstruct 
the radiating field of the dipole antenna in a reverse way. Therefore, 






Fig. 3.4. Magnitude of the optimal current density on the base 
surface when a 0.5 λ dipole is used as a mobile antenna. The 
current density below a certain value (cut) is removed to minimize 









3.4.2 Patch Antenna 
 
To improve the PTE using a single planar transmitting base surface, 
a unidirectional patch antenna is designed. The patch antenna is 
placed on the xy-plane facing the base surface. The lengths of the 
square patch and square ground plane are about 0.5 λ and 1 λ, 
respectively. The direct feed is used with an offset in the y-direction 
resulting in the y-polarized radiating field with gain of 9.4 dBi.  The 
magnitude of the optimal current density is shown in Fig. 3.5(a). 
Because the designed patch antenna radiates an asymmetric field 
caused by the diffraction effect of the compact ground plane, the 
magnitude of the optimal current density is slightly squashed. 
Compared with the optimal transmitting current of the dipole antenna, 
the current is concentrated in a smaller region. For a cut value of 
10%, the size of the remaining base area is about 330 λ2 (5.2 m2) 
and the maximum PTE is about 85.0%, which is much higher than that 











3.4.3 Horn Antenna 
 
 A horn antenna is employed to demonstrate the proposed method 
for a realistic aperture antenna and compare its PTE with the ideal 
receiving apertures reported in the preceding works. The operating 
frequency is also set to 2.4 GHz, and the width of the square horn 
aperture is 1.9 λ. The radiating aperture of the horn antenna is placed 
at the center of the xy-plane at a distance of d from the base surface, 
emitting a y-polarized field with gain of 14.8 dBi. Fig. 3.5(b) shows 
the optimal transmitting current for the horn antenna. As shown in 
the figure, it can focus more of the field on the smaller base surface. 
When a cut value of 10% is applied, the existing base area is only 




















Fig. 3.5. Normalized magnitude of the optimal current density for 
unidirectional antennas: (a) Results for a patch. (b) Results for a 







3.5. Results and Discussion 
 
Using the optimum current distribution and minimum transmitting 
area, the maximum PTE bounds relative to the size of the transmitting 
surface and transfer distance are investigated. The efficiency bounds 
for the three types of mobile antennas are shown in Fig. 3.6(a). The 
transmitting current on the base surface outside 𝐿𝐵𝑆  × 𝐿𝐵𝑆 (𝐿𝐵𝑆 =64 
λ) is not considered because it is negligible. The maximum PTE 
bound for the dipole antenna, which is denoted as a black line, is 
relatively low (44.2 %) compared with those of the other cases. 
Because the dipole antenna has an omnidirectional radiation pattern, 
the maximum PTE cannot exceed 50 % when using only one planar 
transmitting surface. However, if the base surface are implemented 
on both sides of the dipole or as a conformal shape, the maximum 
efficiency bound would be increased. To compare the size of the 
source area of each antenna, we consider a target PTE of 20 %. As 
shown in Fig. 3.6(a), a transmitting area of 100 λ2 (1.57 m2 ) would 
be required to achieve this PTE using a dipole antenna. 
In contrast, the PTE result of the patch antenna is highly improved. 
This is because the patch emits most of its field to a single side, 
which focuses the radiating field better on the base surface. For the 
patch antenna, the PTE of 20 % can be achieved by using a 
transmitting area of 11 λ2 (0.17 m2 ). If the patch antenna is designed 
to focus more of the field on the base surface, the PTE can be further 




A horn antenna, which is a type of aperture antenna, yields the best 
performance. The PTE bound of the horn antenna converges to 
nearly 97.4% for a large size of the transmitting aperture. When the 
horn antenna is used, a transmitting area of only 4 λ2 (0.06 m2 ) can 
attain the target PTE.  
The PTE bounds reported previously in [8, 11] are compared with 
the results obtained by the proposed method in Fig. 3.6. The PTE 
bound results cannot be compared exactly because the definition of 
the receiving power differs among the previous and current works. 
For an approximate comparison, a horn antenna is employed as a 
representative practical aperture antenna with the same size of the 
ideal receiving apertures used in [8,11]. The results in Fig. 3.6(a) 
show certain difference of PTE bounds among them, describing the 
superior performance of the previous works. This difference arises 
from the previous research [5- 11] defining the receiving power as 
the power passing through the ideal receiving aperture in which the 
tangential field is focused as the waist of the Gaussian beam. 
However, we used the real receiving power at the load of the mobile 
antennas, which is a more realistic definition because the practical 
mobile antenna is hard to capture all of the through power. Therefore, 
the efficiency bounds from the previous methods are unsuitable for 
mobile antennas, while the proposed theory can provide the practical 
maximum efficiency bound and shape of the optimal transmitting area. 
Notably, the proposed theory can also be applied to a general 
transmitting base surface shape, e.g., the top and bottom surface of 
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a rectangular room or a conformal shape. In contrast, previous 
methods have assumed that the receiving aperture is unidirectional 
or even symmetric. 
Here, the PTE data reported in [11] are compared to those 
obtained in this study only at one point, as shown in Fig. 6. This is 
because [11] used the assumption that the transmitting aperture and 
receiving aperture are identical in size, which is also symmetric. 
Therefore, the PTE bounds in various configurations could not be 
compared. 
Note that the PTE of radiative WPT is not a function of the 
operating frequency when all of the electrical lengths of the system 
are fixed. This is because the magnitude of the optimum base current 
on the given tangential surface is determined solely by the radiating 
field pattern of the mobile antenna, as described in (3.8). It can also 
be explained by (3.11) with the configuration of Fig. 3.1(b). Equation 
(3.11) implies that the maximum PTE is the ratio of the power 
radiated to the entire space to the power passing through the given 
base surface. However, it should be noted that when the transfer 
distance (d) is fixed in meter for a specific WPT scenario, the 









Fig. 3.6. Comparison of the PTE bounds. Efficiency bound 
according to the (a) size of the transmitting area, (b) distance 
between the base surface and the mobile antenna.  
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To confirm the validity of the proposed theory, a full-wave 
simulator, FEKO, is used. Because the simulation of a continuous 
current sheet using full wave EM tools is not available, numerous 
infinitesimal electric and magnetic dipoles are used to emulate the 
continuous base current sheet [31, 32]. The distance between each 
infinitesimal dipole is 0.33 𝜆 in the x and y directions. The operating 
frequency is set to 2.4 GHz. The simulation PTE results are defined 
as the ratio of the receiving power at the matched load of the mobile 
antenna to the total input power of the numerous infinitesimal sources. 
The discrete simulation points are plotted in Fig. 3.6(a) using solid 
symbols. The maximum relative errors are 2.8%, 1.4%, and 0.5% for 
the dipole, patch, and horn antenna, respectively. These differences 
occur because the discrete infinitesimal dipoles cannot realize an 
exact optimum base current, which is continuous. The theoretical and 
simulated maximum PTE results are in good agreement, confirming 
the proposed theoretical efficiency bound for a given area.  
Fig. 3.6(b) shows the efficiency bound of the ideal aperture and the 
three types of antennas in terms of the distance between the base 
surface and the mobile antennas. The solid and dash lines indicate 
the cases with the transmitting area of 50 λ2  and 300 λ2 , 
respectively. The hollow symbols indicate the calculated points in 
terms of the transfer distance. The gray lines represent the data of 
the previous study in [8] and show higher PTE than the real antennas. 
The graph shows that the patch antenna has better performance than 
the dipole antenna, although the efficiency of the patch antenna 
 
 98 
declines rapidly with distance. It also shows that MPT can achieve a 
high efficiency (up to 89%) even with a transmitting area of only 
50 λ2 (0.78 m2) and a compact mobile patch antenna located in the 





In this study, for MPT, the bound of the PTE and the optimal shape 
of the transmitting surface are proposed using simplified analytical 
steps that can also be applied to the general types of mobile antennas. 
It is shown that the phase-conjugation of the mobile field is the 
optimum transmitting current on the base surface. Note that the 
radiation characteristics of a mobile antenna that can concentrate the 
field on the base surface are important factors in determining the 
maximum PTE bound. Following the results, clear differences among 
the PTE bounds are found for identically sized ideal apertures in the 
previous works and a practical horn antenna in the current work. 
Therefore, the proposed theory can provide analytical and physical 
insight for radiative WPT using practical mobile antennas, which 
cannot be understood based on previous research. On the other hand, 
the results show that MPT using a compact mobile antenna, such as 
a patch antenna, can achieve high PTE when the transfer distance is 
within the Fresnel region. It is expected that the basic knowledge of 
this study can assist research on MPT, especially for practical mobile 
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In the previous chapter, research was conducted on wireless power 
transmission in lossless environment, which is ideal scenario. 
However, there might be lossy medium around the R-WPT system 
in practical scenarios. In order to extend the previous study to a 
general situation, a wireless power transmission study in a lossy 




4.2. Previous Works 
 
The R-WPT in lossy environments has been a topic of interest 
[1]–[13]. In [1], the authors demonstrated WPT to sensors 
embedded in concrete blocks, showing the feasibility of a low-cost 
and reliable health monitoring system for infrastructure. Similarly, 
the optimal conditions for sending wireless power to sensors buried 
in concrete are studied using plane wave models in [2]. The authors 
concluded that the optimal frequency is within the very high 
frequency (VHF) range for air-concrete structures. 
 WPT to implantable medical devices (IMDs) used in radiative 
near-field regions has been demonstrated. In particular, the authors 
in [3] analytically showed that the optimal frequency is above 1 GHz 
for tissue layers. They suggested mid-field power transfer for IMD 
 
 104 
applications. While [3] considered the electrical properties of the 
media, [4] considered the effects of a ferrite core incorporated with 
receivers. The analysis showed that the optimal frequency is 
maintained in the ultra-high frequency (UHF) range, while 
increasing the receiving power. Based on a theoretical analysis 
presented in [3], the optimal transmission current for small implanted 
receivers is studied in [5]. The authors determined the upper limit 
of the PTE with respect to the operating frequency. The authors in 
[6] studied WPT to an implantable conformal antenna in the radiative 
near-field region. They added a near-field plate to the transmission 
antenna, proposed in [5], to mitigate the leakage power and improve 
the PTE 
The movement of implanted antennas in the body has been 
considered to reflect the real conditions [7–10]. In [7, 8], the phase-
conjugation (PC) method is used to focus the transmitting power to 
movable implanted receivers. The transmitter and receiver antennas 
using magnetic current are designed to reduce tissue losses in [7]. 
In [8], the proposed phase-conjugation method is compared with the 
uniform excitation method; the former method gave better field 
focusing and specific absorption rate (SAR). These studies showed 
that the PTE of IMDs can be improved in the radiative near-field 
region. However, there has been little discussion on determining the 
maximum efficiency with respect to the size of the transmitter. In 
addition, it is difficult to physically interpret the optimal solutions 
obtained from the analysis. 
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References [9–12] reported an optimal design procedure to 
maximize the PTE using S-parameters. They optimized the 
excitation of transmission array antennas by solving an eigenvalue 
problem and demonstrated its usability in various scenarios. Chen et 
al. [12] implanted a planar inverted-F antenna (PIFA) in a head 
phantom and analyzed the optimal PTE in terms of the number of 
transmitting arrays and the operating distance. However, no method 
has been proposed to determine the optimal location and arrangement 
of the transmission array elements. In addition, the S-parameter of 
the entire system needs to be measured in each scenario to 
determine the maximum PTE. 
This paper presents an analytical study on the optimal transmission 
current that can maximize the PTE in lossy media. It is assumed that 
the power is transferred using RWPT. The theoretical analysis is 
solved using reciprocity and mathematical substitutions, and the 
resulting solutions are interpreted. Based on our analysis, the 
maximum PTE is determined when the area of the transmission 
currents is limited. Examples with two types of receiving antennas 








4.3. Theoretical Approach 
 
We assume a case wherein a receiving antenna is buried in a 
homogeneous lossy medium, as shown in Fig. 4.1(a). The 
permeability of the material is set to the value of free space (𝝁𝟎). 
The transmission currents that send wireless power are assumed to 
have an arbitrary distribution at a distance of 𝒅𝒆𝒏𝒄 from the receiver 
antenna. The transmission surface, where electric current (𝐉𝐓𝐱) and 
magnetic current (𝐌𝐓𝐱) exist, can be formed into any shape such as 
curved or angled; we assumed a planar structure. We define 𝑺𝑻𝒙 as 
the area of the transmitting surface and 𝑺𝒆𝒏𝒄 as the entire enclosed 
surface that surrounds the receiver including 𝑺𝑻𝒙. 𝑽𝒆𝒏𝒄 is the volume 
inside 𝑺𝒆𝒏𝒄, as shown in Fig. 4.1(a). 
Notably, only propagating fields are considered in this study; 
therefore, this method cannot be applied to regions where the 
evanescent fields are dominant. In general, the boundaries of the 
reactive near field and radiative near field are defined as the phase 
difference originating from the edge and center of the transmitter 
antenna [13]. On the other hand, for the RWPT, we take the region 
where the radiating fields dominate the evanescent fields, making this 
region slightly different from the boundary of the radiative near-field 
region given in literature. For example, we consider the current flow 
on the large transmitter antenna as the sum of the equivalent 
Huygens sources. The reactive evanescent fields will exist around 
each point source, even if they are added together. This implies that 
the boundary of the reactive near field is different from that assumed 
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for RWPT. Therefore, this method can be applied from the part of 










Fig. 4.1. Scenarios of RWPT in (a) Homogeneous lossy medium. (b) 
Multi-layer lossy media.  
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4.3.1 Problem Formulation 
 
The objective of this study is to identify and then find a method to 
maximize the efficiency of RWPT in a lossy medium. The formulation 
is based on the analysis methods reported previously [14], except 
that the effects of lossy media are included to make it more applicable 
to general scenarios. The PTE, 𝜂, is defined as the ratio of the power 
received at the load of the receiver antenna (𝑃𝑟𝑒𝑐_𝑅𝑥) to the power 
emitted by the current on the transmitting surface (𝑃𝑖𝑛_𝑇𝑥), which is 
the concept of operating gain. It can also be assumed that the receiver 
antenna is matched to the load (𝑍𝑙 ). Therefore, the PTE can be 
expressed as 𝜂 =  𝑃𝑟𝑒𝑐_𝑅𝑥/ 𝑃𝑖𝑛_𝑇𝑥 , and the objective is to find the 
maximum value of the PTE in the lossy media and the optimal 
transmission current distribution (i.e., 𝐉𝐓𝐱, 𝐌𝐓𝐱) on the transmission 
surface. 
The receiving power, 𝑃𝑟𝑒𝑐_𝑅𝑥 , in the numerator of the PTE 
expression can be expressed in terms of the open circuit voltage (𝑉𝑜𝑐) 
at the receiving antenna and the load resistance (𝑅𝑙) [15]. 𝑉𝑜𝑐 can be 
obtained from the reaction effects of the transmitted field on the 
current flowing in the receiver antenna. The transmitted field (i.e., 
𝐄𝐓𝐱, 𝐇𝐓𝐱) from the unknown currents should be expressed in complex 
integral forms. Now, we consider a reciprocal situation where the 
receiver antenna emits fields, while the transmission currents 
receive those fields. The reciprocity theorem can be applied, and the 







where 𝐄𝐑𝐱  and 𝐇𝐑𝐱  are the propagating fields emitted by the 
receiver antenna, 𝐼𝑅𝑥 is the magnitude of the current source of the 
receiver antenna, and 𝑅𝑙 is the resistance of the load. 
The transmission power, 𝑃𝑖𝑛_𝑇𝑥 , can be considered the radiating 
power from the transmission currents. To avoid using the field 
quantities (i.e., 𝐄𝐓𝐱, 𝐇𝐓𝐱) from the unknown transmission currents 
(i. e. , 𝐉𝐓𝐱, 𝐌𝐓𝐱), a substitution is made to easily solve the expression. 
The values of the input powers 𝑃𝑖𝑛_𝑇𝑥  and 𝑃𝑖𝑛_𝑅𝑥 , when the 
transmitting surface currents are excited, and the receiver antenna 
is excited in the reciprocal situation, respectively, are positive real 
values. Therefore, we can substitute the input powers using a 
positive real constant 𝛼 , 𝑃𝑖𝑛_𝑇𝑥 = 𝛼 𝑃𝑖𝑛_𝑅𝑥 . The input power at the 
receiver antenna (𝑃𝑖𝑛_𝑅𝑥) can be expressed as the sum of the power 
dissipated inside the enclosed volume (𝑃𝑙𝑜𝑠𝑠_𝑉𝑒𝑛𝑐) and the power that 
passes through the enclosed surface ( 𝑃𝑡ℎ𝑟_𝑆𝑒𝑛𝑐 ). However, they 
cannot be combined into a single term because the volume loss power 
and the power that passes through have different integral regions. 
Therefore, we use the substitution once more to combine the two 
powers with a positive real constant 𝛽 , yielding 𝑃𝑖𝑛_𝑅𝑥 =  (1 +
𝛽) 𝑃𝑡ℎ𝑟_𝑆𝑒𝑛𝑐. Thus, we have: 
 
(4.2) 









 𝛼 (1 + 𝛽)
2
𝑅𝑒 {∮(𝐄𝐑𝐱 × 𝐇𝐑𝐱
∗) ∙ 𝐧ෝ𝐞𝐧𝐜 𝑑𝑆𝑒𝑛𝑐  }, 
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where 𝐧ෝ𝐞𝐧𝐜 is an outward normal vector from the inside of 𝑆𝑒𝑛𝑐. By 







4.3.2 Maximum Power Transfer Efficiency 
 
To find the optimal solution for (4.3), the relationship between the 
propagating electric and magnetic fields can be used: 
 
𝐄𝐑𝐱 = 𝑍𝑤(𝐇𝐑𝐱 × 𝐫ො)                  (4.4a) 
 
   𝐇𝐑𝐱 =
1
𝑍𝑤
(𝐫ො × 𝐄𝐑𝐱)                    (4.4b) 
 
where 𝐫ො is a unit vector toward the propagation direction, and 𝑍𝑤 
is the wave impedance in the lossy material. The fields and currents 
are expressed in the form of a row matrix as follows:  
 
ℱ𝑅𝑥 =  ሾ 𝐄𝐑𝐱, 𝐇𝐑𝐱 ሿ,                (4.5a) 
 




𝛼 (1 + 𝛽)2 
 
𝐄𝐑𝐱 )׬|  ∙ 𝐉𝐓𝐱 − 𝐇𝐑𝐱 ∙ 𝐌𝐓𝐱 )  𝑑𝑆𝑇𝑥|
2
|𝑅𝑒{ׯ 2(𝐄𝐑𝐱 × 𝐇𝐑𝐱
∗) ∙ 𝐧ෝ𝐞𝐧𝐜 𝑑𝑆𝑒𝑛𝑐 }|
2
.         
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The inner product is used: < 𝑎, 𝑏 >𝑆 = ׬  𝑎𝑏
† 𝑑𝑆, where 𝑏† is the 






∗  is a complex conjugate of the row matrix for the 
current vectors, and Z is defined as follows: 
 




ቁ (𝐫ො ∙ 𝐧ෝ𝐞𝐧𝐜) 0
0 𝑅𝑒(𝑍𝑤)(𝐫ො ∙ 𝐧ෝ𝐞𝐧𝐜)
൩.       (4.7) 
 
In a lossy media, the wave impedance becomes a complex value. 
Note that the approach used for free space in [14] cannot be directly 
applied to find the optimal 𝒮𝑇𝑥 in (4.6), since the matrix Z must be a 
positive definite to use the Cholesky decomposition as a basic step 
for the Cauchy–Schwartz inequality [16,17]. The problem can be 
solved using the forms shown in (4.3), (4.4), and (4.7) and then by 
applying the modified Cauchy–Schwartz inequality. The resulting 
optimal solutions of the transmission currents that maximize the PTE 
are:  
    𝐉𝐓𝐱_𝐨𝐩𝐭 = 𝐾 𝑅𝑒 ቀ
1
𝑍𝑤
ቁ (𝐫ො ∙ 𝐧ෝ𝐞𝐧𝐜) 𝐄𝐑𝐱
∗,          (4.8a) 
 
𝐌𝐓𝐱_𝐨𝐩𝐭 = − 𝐾 𝑅𝑒(𝑍𝑤) (𝐫ො ∙ 𝐧ෝ𝐞𝐧𝐜) 𝐇𝐑𝐱
∗.        (4.8b) 
 
𝜂 =  
1









where 𝐾 is a real constant value. The physical implications of the 
optimal solutions in (4.8) are as follows. The optimal currents should 
be: 1) phase-conjugation of the fields emitted from the receiver 
antenna, 2) tangential to the transmission surface, and 3) real part of 
the wave impedance and its inverse. Before calculating the maximum 
efficiency by substituting (4.8) into (4.6), we must find the constant 
𝐾. This can be done by equating (4.2) with the expression for the 





 𝑅𝑒 𝐄𝐓𝐱 )׬ ∙ 𝐉𝐓𝐱
∗ + 𝐇𝐓𝐱
∗ ∙ 𝐌𝐓𝐱) 𝑑𝑆𝑇𝑥.    (4.9) 
 
By applying the cross product of 𝐫ො   into the formula of the 
equivalent theorem between the magnetic field and the electric 
current, we obtain:  
 
       (4.10) 
 
where 𝐧ෝ𝐓𝐱 is a normal vector from the transmission surface toward 
the receiver antenna, expressed as 𝐧ෝ𝐓𝐱 = −𝐧ෝ𝐞𝐧𝐜 at 𝑆𝑇𝑥. The results 




The optimal PTE is: 
 
𝐇𝐓𝐱
∗ ∙ 𝐌𝐓𝐱 = −
1
𝐫ො ∙ 𝐧ෝ𝐓𝐱
 { 𝐫ො ∙ (𝐉𝐓𝐱
∗ × 𝐌𝐓𝐱)}, 
𝐾2 =  𝛼 (1 + 𝛽)
|〈 ℱ𝑅𝑥 , 𝒮𝑇𝑥
∗ 〉𝑆𝑇𝑥|





              (4.12) 
 
where 𝛽 =  𝑃𝑙𝑜𝑠𝑠_𝑉𝑒𝑛𝑐  / 𝑃𝑡ℎ𝑟_𝑆𝑒𝑛𝑐 . In the case of a highly lossy 
material, the optimal efficiency is very low because the volume loss 
power in 𝑉𝑒𝑛𝑐 (𝑃𝑙𝑜𝑠𝑠_𝑉𝑒𝑛𝑐) is typically much greater than the passing-
through power (𝑃𝑡ℎ𝑟_𝑆𝑒𝑛𝑐). Therefore, the value of 𝛽 becomes quite 
large. The analysis proposed in this paper can be applied to a planar 
multi-layer structure, as shown in Fig. 4.1(b). However, the distance 
from any Huygens sources, such as 𝑑𝑇𝑥 and 𝑑𝑒𝑛𝑐 in Fig. 4.1, should 
be at least 𝜆 2𝜋Τ . This is because we assumed that the propagating 
fields are dominant in RWPT [13]. 
The resulting optimal efficiency in (4.12) is the ratio of the power 
passing through the specific area (𝑆𝑇𝑥) to the power passing through 
the enclosed surface (𝑆𝑒𝑛𝑐). The exact value of the maximum PTE 
can be found by conducting full-wave simulations. We set the input 
power of the receiving antenna as 1 W and obtain the field quantities 
of the transmission plane (𝑆𝑇𝑥). By calculating the Poynting vector, 
we can determine the power passing through a certain area, which is 
equivalent to the maximum PTE.  
According to (4.12), a certain area where the through power is high 
becomes important for 𝑆𝑇𝑥 to achieve high efficiency. This indicates 
that areas with a low through power should be avoided so that the 
transmission area can be efficiently used. By applying this approach, 














4.4. Practical Examples 
 
In this section, the proposed theory is applied to practical scenarios. 
Representative examples for WPT in lossy media are implantable 
devices, and this topic has been extensively studied [1]–[12]. In the 
following examples, an air–skin half space is assumed, as shown in 
Fig. 4.2. The implanted antenna is inserted at a depth of 𝑑𝑅𝑥 below 
the surface, and the transmitting plane is placed 𝑑𝑇𝑥  above the 
interface. For the electric properties of the skin layers, the Cole–Cole 
model can be referred [18]. The operating frequency is set to the 
ISM band of 2.4 GHz, though the theory proposed in this paper can 




















Fig. 4.3. Configuration of the designed PIFA and its reflection 
coefficient. The PIFA is embedded in the lossy media as shown in 




4.4.1 Planar Inverted-F Antenna  
 
As an example of a receiving antenna for IMD, a low profile PIFA 
is designed, as shown in Fig. 4.3 [12], [19], [20]. The exact values 
of each parameter are given in the figure caption. The substrate of 
the PIFA antenna is Rogers Duroid 5880, whose 𝜀𝑟 is 2.2 and 𝑡𝑎𝑛δ 
is 0.0009. The size of the designed PIFA is 5×5×0.8 mm3. The 
receiving antenna is inserted at a depth of 5 mm from the interface, 
and the transmission surface is placed 120 mm above the interface. 
As an application of the theory presented in this paper, the maximum 
PTE of the PIFA antenna, with respect to the size of the transmission 
area (𝑆𝑇𝑥), is obtained. To calculate the maximum PTE, a full-wave 
FEKO simulation is performed. The PTE can be obtained using the 
numerical values of the power that passes through the specific area 
over the power that is supplied to the source. The supplied power 
includes the volume loss ratio 𝛽.  
Fig. 4 shows the normalized optimal distributions of the 
transmission currents. The size of the transmission surface is set as 
8𝜆 ×8𝜆. Fig. 4(a) shows the optimal magnitude of the transmitting 
electric current density, according to (4.8).  
The current vector at the center area is plotted in Fig.  4(b), 
indicating the optimal polarization of the transmitting antennas. 
Figs.4(c) and (d) show the magnitude and vector of the optimal 
magnetic current, respectively. Fig. 4(e) shows the square root of 
the optimal power density. It can integrate the effects of the electric 
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and magnetic currents together. To effectively use this area, the 
power density below a certain value should be discarded. Fig. 4(f) 
shows the results without values below 20% of the maximum power 
density. This indicates that the remaining elliptical area has a 
significant effect on the PTE. Using this approach, we can determine 
the bound of the PTE under a certain transmission area.  
The black solid line in Fig.  5 indicates the maximum efficiency for 
the PIFA, based on the proposed theory. The red square points in the 
figure indicates the maximum efficiency, which can be obtained using 
the methods proposed in previous works with transmission patch 
arrays [9]–[12]. Considering the total area of the transmission patch 
array, the maximum PTE is plotted for patch arrays comprising four, 
five, and nine elements. As shown in Fig. 4.5, the arrangement of the 
antenna has a significant influence on the efficient use of the 
transmission area. The maximum PTE of the five-element array is 
low, as the transmission area is not efficiently used. The proposed 
optimal PTE is in good agreement with those of previous works. 
There are differences between the theoretical bounds for patch 
arrays with four and nine elements, as the rectangular patch array 
cannot perfectly reproduce the ideal transmission currents. The 
electric current vector in Fig4.4(b) should be appropriately 
considered, since it shows the optimal polarization of the 
transmission array. Notably, the maximum PTE bound can be 
obtained by conducting a one-time EM simulation of the receiver 




Fig. 4.4. Normalized distributions of the optimal currents and power 
density for the PIFA. (a) The magnitude and (b) vector plot of the 
electric current density (𝐉𝐓𝐱). (c) The magnitude and (d) vector plot 
of the magnetic current density  (𝐌𝐓𝐱). (e) The magnitude of the 
square root of the optimal power density. (f) The remaining power 



























Fig. 4.5. Maximum efficiency bound for the designed PIFA. The side 
length of the patch is 36.5 mm, the offset distance for feeding is 5 





4.4.2. Half-Mode Cavity-Backed Antenna  
 
Considering the meaning of (4.12), the maximum PTE can be 
determined by the power that passes through a certain area. 
Therefore, the radiating pattern of the receiving antenna is a 
significant factor in determining the PTE. However, the designed 
PIFA emits its fields as an omni-directional pattern. Therefore, a 
unidirectional antenna is designed to enhance the power that passes 
through the transmission surface. Additionally, an antenna equivalent 
to a magnetic dipole is introduced to reduce the electrical losses in 
the tissue media. Considering the requirements, a compact half-
mode cavity-backed antenna (HMCBA) is designed to serve as an 
embedded antenna [21, 22]. Fig. 4.6 shows the configuration of the 
HMCBA with a reflection coefficient around the target frequency of 
2.4 GHz. The HMCBA is considered an equivalent magnetic current 
between the gap formed by the upper and lower conducting plates. 
Since a magnetic dipole causes less dielectric power losses than an 
electric dipole, 𝛽 in (4.12) can be decreased. This is because the 
magnetic field is dominant in the reactive near-field region of the 
HMCBA, while the material loss is due to the electric field near the 
source [7, 13].  
The optimal current and power density distributions suitable for 
the HMCBA are derived, as shown in Fig. 4.7. Fig. 4.7(a) and (b) 
show the magnitude and vector of the optimal electric current density, 
respectively, indicating the appropriate polarization for the 
transmission array design. There are differences in the magnitude 
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distribution between the electric current and magnetic current 
densities. The two parameters can be combined using the power 
density as shown in Fig. 4.7(e). Fig. 4.7(f) shows the remaining area 
of the square root of the power density, after removing the area that 
is below 20% of the maximum optimal power density. This shows 
that the oval shape elongated in the y-direction plays an important 






Fig. 4.6. Configuration of the designed HMCBA and its reflection 
coefficient. The antenna is embedded in the lossy medium as shown 
in Fig. 2. 𝐿𝑔1 = 8.94, 𝐿𝑔1 = 9.2, 𝐿𝑓 = 5.3, 𝐿𝑑 = 12.9, 𝑊𝑑 = 12, 𝑊𝑓 = 1.5, 𝑔𝑓 =








Fig. 4.7. Normalized distributions of the optimal currents and power 
density for HMCBA. (a) Magnitude and (b) Vector plot of 𝐉𝐓𝐱. (c) 
Magnitude and (d) Vector plot of 𝐌𝐓𝐱. (e) Magnitude of square root 
of the optimal power density. (f) The remaining power density after 
removing the values less than 20% of the maximum value. 
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 In Fig. 4.8, the black dotted line indicates the maximum efficiency 
bound when using the HMCBA as the receiver antenna. The blue 
triangles indicate the optimal PTE based on the previous works, 
which use four, five, and nine elements of y-polarized patch arrays 
[9]–[12]. The black solid line indicates the efficiency bound of the 
PIFA, as shown in Fig4. 5. The efficiency decreases when five patch 
elements are used as the transmission array because of the 
inefficient sampling of the optimal power density, as shown in Fig. 
4.7(e). The red square indicates the PTE for the nine-element patch 
array, which is polarized in the xy-direction. This shows an 
efficiency loss due to polarization mismatch, implying that the optimal 
polarization should be identified and considered, especially for 
multiple reflected environments. Note that the maximum PTE values 
for the PIFA and HMCBA are approximately 94×10−6 and 431×10−6, 
respectively, when an infinite xy-plane is used for the transmission 
currents.  
The efficiency bounds for the PIFA and HMCBA are compared in 
terms of the available size of the transmitter. Using a magnetic 
antenna with a uni-directional pattern instead of an electric antenna 
with an omni-directional pattern, we can improve the efficiency by 
four to five times. This means that the radiation pattern and types of 
equivalent currents of the receiving antenna play significant roles in 
practical RWPT scenario in lossy media. However, it should be noted 
that this comparison is not fair, since the size of the HMCBA is 
approximately 2.5 times greater than that of the PIFA. Nevertheless, 
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the two examples are not intended to show the superiority of the 
HMCBA, but rather to explain how the proposed theory can be used 






























 In the previous section, research on wireless power transmission 
under general conditions is conducted. As a result, the optimum 
efficiency and current distribution in the case of lossy media are 
derived. Considering the results derived above and previous research 
in [9-12, 14], it is concluded that the optimum excitation of the 
transmitting base station in radiative region is the phase-conjugation   
when the practical antennas are used. In this chapter, the effects on 
the human phantom are compared when using phase-conjugation, 
which is optimum in radiative region, and the broadside (BS) uniform 
excitation, which is optimum in far-field region. 
 For radiative WPT applications, safety issue about a human 
exposure becomes more critical. In radio frequency, the human 
exposure on PTE wave can have the effect on heating tissues above 
10MHz, and stimulate nerve due to contact currents or induced 
currents below 10MHz [23]. Therefore, it is necessary to study SAR 
level of a human body in a radiative WPT system in addition to the 
power transfer performances such as the PTE and the loss in human 
body. Many research uses specific absorption rate (SAR) as a human 
exposure evaluation especially in mobile devices [24, 25]. In this 
section, a study on the human body effect due to PTE field is 
performed using a homogeneous phantom model. The PTE of the 
 
 126 
phase-conjugation WPT system, the power loss in human body, and 
SAR level are simulated for the typical phase-conjugation WRT 
system. Also the performances of the phase-conjugation WPT and 
the broadside Beam forming (BF) WPT systems are compared. 
 
 
4.5.2. Results and Discussion 
 
PTE using phase-conjugation, which can refocus a wave radiated 
by a source, is applied to WPT system to improve PTE [27]. We 
simulated the phase-conjugation system in a room (7.5x8.5x2.6 m3) 
operating at 1GHz. Two phase-conjugation (bs), which is composed 
of 96 half lambda dipole array distributed uniformly over a 
rectangular ground plane (2x1.4 m2), are located on top and bottom 
walls whereas the mobile (mb) receiver is located at the center of 
the room as shown in Fig4.9. The human body homogenous phantom 
with εr=42, σ=1 S/m, ρ=1000 kg/m
3 located at half lambda apart from 











        




     




The simulated electric field distribution is plotted in the Fig.  4.10. 
It shows the side view of the human phantom with base station arrays. 
Following the figure, it can be seen that there is a clear difference 
between the broadside array and phase-conjugation array. The field 
emitted from the base station forms spherical shape, and is more 
focused on the mobile devices, while decreasing EM effects on the 
human body.  
The simulated 10g average SAR of human phantom for the two 
arrays are depicted in the Fig.  4.11. It seems that the broadside 
array results less effects on the human body, however, the SAR is 
focused on the end of the phantom, such as hands and feet. On the 
other hand, the SAR of the phase-conjugation array is widely 
distributed throughout the phantom, so that more power can be 





















        
 
      
Fig. 4.11. Specific absorption rate (SAR) for the broadside and 
phase-conjugation array. 
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 The PTE is defined as the received power at the mobile over 
transmitted power at the phase-conjugation base, which is 
equivalent to its vice versa in terms of reciprocity. The PTE of WPT 
system using phase-conjugation with the regular half lambda dipole 
array is 19.6% and it drops to 11.8% when the human body phantom 
exists near the receiver. The total power loss in the body phantom is 
15.3% of the input power of the phase-conjugation transmitter. 
When the input power is 1 W, the 10g average SAR level is found as 
0.04641 W/kg. According to IEEE or ICNIRP standard, the 10g SAR 
limit for the body is 2 W/kg. Within the limit value of SAR, the input 
power can be increased to 43.1 W at which the phase-conjugation 
WPT system can transfer the power of 5.1 W to the receiver.  
The PTE, the power loss in the body, and the SAR level of WPT 
system with phase-conjugation array is compared with a broadside 
(BS) beam forming array in Table4.1. The results show that PTE of 
phase-conjugation array is 46 times higher than base array when the 
SAR level is maximum of IEEE regulation. In addition, the body loss 
of phase-conjugation array scheme is 75.7% of base array while 

























Comparison Table of PC array and base array results 












43.10 5.09 11.83 6.59 2.00 
PC 
array 







In this chapter, we present a theoretical analysis of the optimal 
transmission currents for receivers implanted in lossy media. The 
results show that a specific part of the field radiating from the 
receiver antenna must be conjugated to maximize the PTE. Using the 
analysis, we determined the maximum bound of the PTE when the 
available transmission area is limited. Two examples are presented 
to show the usability of the proposed theory and to confirm the 
fundamental efficiency bounds. Through these examples, we 
revealed that the radiation characteristics of the receiver antenna 
play a significant role in determining the PTE. This study can be used 
to find the efficiency bounds in the design of RWPT systems in lossy 
materials, and to determine the appropriate location of the 
transmission antennas, even under complex conditions. We believe 
that this paper can be useful in further developing RWPT systems in 
lossy media intended for non-destructive sensing and implantable 
medical applications. 
The electromagnetic effect on the human body phantom in phase-
conjugation WPT system is described. The PTE of phase-
conjugation WPT system without the human body phantom is 19.6% 
and it drops to 11.8% when the human body phantom exists near the 
receiver. The total power loss in the body phantom is 15.3% of the 
input power of the phase-conjugation transmitter. According to the 
maximum SAR level of IEEE standard, which is 2 W/kg, receiving 
power is up to 5.1 W while transmitting power is 43.1 W when 
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phase-conjugation array is used. In addition, the WPT system using 
phase-conjugation array is compared with conventional base array 
in the room. The results describe that the phase-conjugation array 
shows superior performance than base array in terms of PTE, power 
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Through the study in the previous section, the optimal transmission 
current distribution for lossless and lossy situations could be 
identified. The derivation is conducted assuming the transmission 
current as an ideal current sheet to simplify the theoretical analysis. 
However, the Ideal Current Sheet should be implemented as a real 
antenna when the system is realized as WPT system. In this chapter, 
we described the research on how the ideal current sheet can be 
implemented as practical antenna arrays. 
 Research on implementing the ideal current distribution as antenna 
arrays have been studied and described in the array theory [1-3]. 
In [1,2], synthesis methods of planar sources are described. They 
explained representative array synthesis techniques, such as Dolph-
Chebyshev array synthesis, or Taylor synthesis, and Bayliss 
difference pattern synthesis. The techniques are useful when the 
pattern need to satisfies a specific side-lobe ratio (SLR), to make 
sum pattern, or difference pattern, respectively. Most of previous 
works tried to find the array factors that can make the radiation 
pattern of the designed array similar with the target pattern 
satisfying the error bound or pattern mask [3,4]. 
 On the other hand, the goal of this research is to figure out the 
proper way to realize the optimal current distribution as practical 
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antenna elements. Therefore, it is not easy to apply the methodology 
of the preceding study. The following study describes the ways to 





5.2. Theoretical Approach 
 
5.2.1 Radiation Pattern Matching 
 
The proposed study is conducted to find an array structure that can 
replace the optimal transmitting current sheet. The goal is to design 
an array that can maximize the total efficiency. Therefore, the 




Assume that the transmitting power at the base area is set as 1 to 
make the equation simple. The numerator becomes the important 
factor that decide the PTE. It implies the correlation between the 
radiating field from the mobile and the transmitting current 
distribution. Considering reciprocity in the numerator, the dominant 
factor in terms of the efficiency can be expressed as below: 
 
𝜂𝑓𝑖𝑒𝑙𝑑 =  𝑘 |׬( 𝐄𝐁𝐒 ∙ 𝐉𝐦𝐛 − 𝐇𝐁𝐒 ∙ 𝐌𝐦𝐛 )  𝑑𝑆𝑚𝑏 |
2,   (5.2) 
 
where 𝑘  is a constant value. Since the mobile antenna and its 
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location are already determined, the field, the only factor that decide 
the efficiency is the field radiated from the base station. Therefore, 
it can be considered that the alignment of the filed radiated from the 
ideal optimum current sheet is the core in terms of designing the 
transmitting base array antenna. 
 Since the study is conducted in radiative region, the transmitting 
field should be matched at the radiative region. There are some 
previous studied that focus or match the target field pattern at the 
near-field area [5,6]. However, near-field pattern matching 
requires huge field data if the real antenna is used as unit element.  
Referring the other research in [7-10], it is confirmed that the 
field of the near field fits well when the far-field radiation pattern is 
matched. In [7,8], an optimization study is conducted to match the 
radiation pattern of an actual antenna with ideal point source arrays. 
It optimized the magnitude, phase, and position of the ideal point 
sources using genetic algorithm (GA). The authors in [9,10] 
represents spherical mode matching techniques to match the 
radiation pattern. It is argued that the radiation pattern of an actual 
antenna can be expressed as the sum of the spherical mode, and the 
coefficient of a specific spherical mode can be matched using a point 
source. In particular, after the spherical mode is matched, it is found 
that the field in the near-field region is also well matched since there 
exist same spherical modes. Therefore, the following study is 
conducted on the far-field pattern matching to effectively implement 
the ideal current sheet as practical antenna elements. 
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5.2.2. Optimal Excitation Coefficient 
 
There is recent research to be noted in order to implement an 
optimized transmission array. Referring to the previous study [11-
12], the phase-conjugation of the pilot field from the mobile antenna 
is the way to transmit the radiative power with maximum efficiency. 
According to the results of this previous study, it can be understood 
that the optimal excitation coefficient and maximum efficiency are 
determined when the position of the transmission array is decided. 
However, little research has been conducted on how to determine the 
initial position of the transmitting array and the arrangement of the 
whole array. Therefore, it is judged that to find the position and 
arrangement of the array that can implement the transmission current 




5.2.3. Thinning of Transmitting Array 
 
In fact, it can be intuitively understood that arranging the antenna 
very closely in the area can operate as the optimal current sheet. The 
following results shows the implementation of the ideal current sheet 
using half lambda regular array with rectangular grid. The half lambda 
dipole array with ground plane at quarter lambda distance is placed 
in the oval shaped boundary referring the optimal transmitting 
current as shown in the Fig. 5.1. The theoretical efficiency bound, 
which can be obtained from the continuous current sheet, and 
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simulated results, which are the results using regular dipole array are 
described in Fig. 5.2. Although the simulated results are degraded at 
some extent, it shows the clear tendency with the theoretical curve.  
However, it is great burden if the transmitting area is completely 
filled with the antennas. In particular, there need numerous array 
modules that adjust the magnitude and phase of each element, which 
require too much cost as well as weight and power loss. Therefore, 
in this study, the array thinning technique in which the efficiency is 
maintained to some extent while simplifying the densely arranged 
regular array. In the following section, array thinning is performed 
using two different methods. One is an optimization technique using 
genetic algorithm, and the second is a deterministic approach based 
on the density tapering, which adjusts the element spacing in 









Fig. 5.1. Optimal transmitter for half-lambda dipole mobile antenna. 
(a) Shape of optimal transmitting current when the cut value is set 


















5.3. Implementation of the Optimal Current Sheet 
 
5.3.1. Array Thinning using Genetic Algorithm 
 
In this section, the array thinning is conducted considering all three 
ideas mentioned above. First, we implemented a regular array that 
densely samples the ideal current distribution. A patch array is used 
so that only equivalent magnetic current could be considered.  In 
order to sample the current most similarly, the patches are placed as 
closely as possible, and the gap between the patches (dmin) is set to 
be 0.5 times the length (Lp) of one side of the patch antenna as shown 
in Fig. 5.3. A 10x10 arrays are designed as a reference array 
structure with 500mm distance from the mobile antenna. The 
resonance frequency of the all antenna are set as 2.45GHz and the 
Rogers Duroid 5880 with 5mm thickness is used as the substrate. 
Second, find the optimized excitation coefficients for all patch 
elements by applying the theory of the previous study [11,12]. 
According to the study, the phase-conjugation is the optimal 
excitation coefficient. Therefore, the voltage applied to each load of 
the 10x10 base array element is extracted when pilot signal from the 
mobile antenna is excited. The magnitude of the extracted voltage is 








Third, the array thinning is conducted to reduce the number of the 
arrays, while efficiency of the thinned array is expected to be similar 
with the regular arrays. Before thinning the whole array, the phase 
conjugation condition is applied. Then, by turning on/off each patch 
element, the optimal array structure that is most similar to the 
radiation pattern of the regular array is searched. To find an optimal 
array structure, genetic algorithm is used referring the previous 
research [13-15]. The on/off state of the element is expressed as 
binary sequences of 1 and 0. The binary ‘gene’ is multiplied to the 
         
(a)                          (b) 
Fig. 5.3. Configuration of WPT scenario. (a) The reference 10x10 






magnitude of the excitation coefficient as below: 
 
𝑉𝑜𝑝𝑡 =  𝑉𝑃𝐶 × 𝐺,                    (5.3) 
 
𝐺 = ሾ 1, 0, 0, 1, ⋯ , 1ሿ,                   (5.4) 
 
where 𝑉𝑃𝐶 is the magnitude excitation coefficient of the base array 
that satisfies the phase-conjugation condition. 𝐺  is a binary 
sequence to which the genetic algorithm is applied, and the thinning 
ratio is determined as the ratio of the number of the on state to the 
number of the vector elements. 
 All of the radiation patterns used in the GA are derived by 
multiplying the active element pattern (AEP) and the array factor 
(AF). AEP is extracted from the full-wave simulation, CST, when 
only the central patch is excited while other 99 elements of the 
regular array are terminated to 50ohm load. The reference pattern 
(𝑃𝑟𝑒𝑓)of the regular array is calculated considering the excitation 
coefficient, which is phase-conjugation, of the 10x10 patch, and the 
pattern of the thinned array (𝑃𝐺𝐴)  is calculated excluding the 
excitation coefficient of the off element. The cost function of GA is 
expressed as the relative error of the reference pattern at phi=0 and 




𝑌 =  
𝑃𝑟𝑒𝑓0  −  𝑃𝐺𝐴0
𝑃𝑟𝑒𝑓0
 + 
𝑃𝑟𝑒𝑓90  −  𝑃𝐺𝐴90
𝑃𝑟𝑒𝑓90
 .  
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The radiation pattern is normalized in the optimization code to 
effectively perform the optimization.  
 
 
5.3.2. Results and Discussions 
 
The thinned array by applying GA algorithm to a 10x10 regular 
array is conducted with 81% of thinning ratio to the regular array. 
Genetic algorithm is performed using built in functions in MATLAB. 
The resultant cost function in (5.3) is 0.1370. The optimized 
configuration of the thinned array is shown in the Fig. 5.4. It can be 
seen that the elements in the periphery are removed compared to the 
regular array. The regular array is compared in terms of the same 
number, and same array size with the thinned array.  
The efficiency is extracted for each array structures using full-
wave simulation, CST. Reciprocal situation is considered to simply 
check the efficiency. The efficiency is defined as a ratio of the power 
received at 50ohm termination of the base array to the transmitting 
power at the mobile antenna. Following the Fig. 5.4, it can be shown 
that the efficiency of the thinned array is improved compared to the 
same number of regular array.  
On the other hand, the efficiency is dropped compared to the same 
size of the regular array, which might be originated from the pattern 
errors. Indeed, the radiation pattern of the regular array and the 
thinned array in the Fig. 5.5 show some differences. Note that the 
radiation patterns are plotted in linear scale.  
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The results are well matched with expectations. The thinned array 
reduced the number of elements by 19% compared to using the 
regular array, while the relative efficiency decreased by about 7%. 
Additional comparison is conducted with same number of regular 
arrays (9x9) to propose the effects of thinning. It is shown that the 
efficiency of the thinned array is increased by about 4.7% compared 
to that of the regular array, while the number of patch elements is 





Fig. 5.4. Configuration and efficiency of the regular arrays and 











5.3.3. Array Thinning using Density Tapering 
 
Majority of studies on array thinning is conducted based on 
optimization techniques to reduce the number of arrays. On the other 
hand, when the number of arrays is very large, such as antennas for 
satellite communications, it is important to feed the antennas of the 
array by identical magnitude. In terms of the uniform magnitude of 
the array, the density tapering (DT) technique is proposed to sample 
the distribution of the optimal current distribution [2,16,17]. 
DT is a method of arranging elements of the array such that the 
integral value of the current distribution over a distance is constant. 
The basic concept of the DT is described in Fig. 5.6. In the case of 
the previous research in which the density taper is applied, the phase 
variation is zero or relatively small [16-18]. The issue on the rapid 
phase variation and approximation condition is described in [16]. On 
the other hand, the phase variation of the optimum current 
distribution is rapid as shown in the Fig. 5.6(b), since the optimum 
current is defined in the radiative region, Therefore, it is concluded 
that direct adaptation of DT is not appropriate considering the phase 
variation of the proposed optimum current distribution. 
 However, the basic concept of DT that place the antenna according 
to the size of the current is quite intuitive, so DT can still be applied 
to design a thinned array with modification. The sampling location is 
not decided by the accumulated current density as described in the 
previous research, but gradually increased from the spot where the 
current distribution is large. The distance between the center points 
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of the adjacent patch element (𝑑𝑎𝑟𝑟𝑎𝑦)  is set by the following 
relationship. 
 
𝑑𝑎𝑟𝑟𝑎𝑦 =  𝑑𝑚𝑖𝑛,𝑖 +  𝐿𝑝,              (5.4) 
 
𝑑𝑚𝑖𝑛,𝑖 =  𝑑𝑚𝑖𝑛 + ൫𝑖 × ∆𝑑𝑚𝑖𝑛൯,             (5.5) 
 
where 𝐿𝑝 is the length of the patch antenna and 𝑑𝑚𝑖𝑛 is the distance 
between the edge of adjacent patch antennas. The distance between 
the patches is designed to increase evenly by ∆𝑑𝑚𝑖𝑛 as it moves away 


























Fig. 5.6. Concept of density tapering (a) Magntidue plot. (b) 




5.3.4. Results and Discussions 
 
The resulting array is shown in the Fig. 5.7. and the efficiency is 
compared by using the same number, and same size of regular arrays. 
The efficiency is defined as the ratio of the power applied to the load 
of the base array to the power emitted by the mobile antenna, as 
defined in the previous section. The tapering parameter ∆𝑑𝑚𝑖𝑛is set 
to 0.2𝐿𝑝. According to the results in Fig. 5.7., the efficiency of DT 
array is improved 20% compared than same number of regular arrays.  
For additional performance comparison, simulation is performed for 
the 13x13 regular array, which has similar size. One side of the 
density tapered array is 743 mm, and the 13x13 regular array is 762 
mm. The thinning ratio becomes 100/169, which is about 59%. The 
efficiency of the regular array with the similar size is found to be 
about 44.6%. Therefore, even if only 59% of the total number of 
arrays is used, the efficiency is reduced by only 9.6%. As a result, it 
can be seen that while reducing the number of elements, the 
efficiency is only slightly reduced. The results are described in the 






















In practical scenarios, the mobile antenna can be placed slightly 
away from the center. Therefore, it is important to be able to charge 
even the mobile is not placed at the center. The PTE of regular array 
and DT arrays are compared when the mobile is moved from the 
center with offset distances as shown in the Fig.  5.9. The efficiency 
drops when the mobile is moved to x-axis and y-axis are plotted in 
the Fig.  5.10, showing that the DT results better PTE than same 
number of regular array. It indicates that the DT is also advantage 
when the mobile is off center, since the DT can cover wider 










Fig. 5.9. (a) Configuration of the R-WPT scenario when the mobile 
is slightly moved from the center. (b) The efficiency drop of 






This section contains the issue of implementing the ideal optimal 
current distribution as a real antenna. Since the ideal current sheet 
cannot be used in the actual R-WPT scenario, the implementation of 
the derived current distribution also has an important meaning.  
In this study, the way to improve the efficiency while maintaining 
the number of arrays is described. First, a pattern matching method 
is performed by applying a genetic algorithm with binary sequence 
gene, which means the on/off state of each element. Second, density 
tapering that determines the location of the antenna according to the 
magnitude of the current is. As a result, both methods showed 
improved efficiency compared to the same number of regular arrays. 
Among the two approaches, density tapering, which is a deterministic 
approach, shows better performance compared to the results with 
genetic algorithm with binary sequence.  
Using the methodology presented in this study, it is possible to 
design a transmitter array that is lighter, cheaper than densely 
arranged regular array. In addition, the thinned array is advantageous 
when the mobile antenna is slightly moved from the center. It is 
expected that the proposed array thinning can be useful in actual 
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초    록 
 
본 논문에는 방사하는 전자파를 이용한 무선 전력 전송에 대해 
집중적으로 연구를 진행하였다. 보다 구체적으로는, 무지향성 안테나의 
분석과 설계, 자유공간과 손실매질에서의 최적 송신 전류 분포, 전송 
효율의 한계에 대한 연구를 기술하였다. 추가적으로, 전자파의 인체 
영향에 대한 비교 및 이론적인 최적 전류 분포의 효과적 구현에 대한 
연구를 진행하였다. 본 연구에서는 방사형 무선전력전송을 전원을 공급 
유무에 따라 수동형과 능동형 무선전력전송으로 구분하고, 수동형 방사 
무선전력전송부터 능동형 방사 무선전력전송까지의 연구를 순차적으로 
기술하였다. 
먼저, 수동형 방사 무선전력전송 연구에서는 전자파 에너지 
하베스팅용 안테나에 대한 분석 및 설계에 대한 연구를 진행하였다. 
수동 방사 무선전력전송의 상황을 고려하여 등방성 패턴, 전기적으로 
작은 크기, 높은 효율 특성을 나타내는 안테나를 제안하였다. 
전기적으로 소형이면서 등방성 패턴을 방사하는 SRR이 기본 구조로 
활용되었다. SRR에 대한 이론적 분석을 진행하였고, 시뮬레이션 결과와 
잘 맞는 것을 확인하였다. 분석에 기초하여 FSRR 안테나를 설계하였고, 
측정을 통해 제안한 아이디어를 검증하였다. 수신 파워의 크기를 
향상시키기 위해, 이중 대역 및 확장된 대역에서 동작하는 FSRR 
안테나를 추가로 설계하였다. 제안된 구조는 선행연구와 비교하였을 때, 
상대적으로 우수한 성능을 보여주었다. 한편 수동형 방사 무선 
전력전송의 경우, 주변의 낮은 전력 밀도로 인해 수신 전력이 매우 낮은 
한계점이 존재한다. 따라서, 송신 타워를 이용해 모바일 안테나로 무선 
전력을 전송할 수 있는 능동형 방사 무선전력전송에 대한 후속 연구를 
진행하였다. 
능동형 방사 무선전력전송에서는, 송신 타워를 활용하여 모바일 
기기에 효과적으로 무선전력전송을 수행하는 방법에 대한 연구를 
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진행하였다. 본 연구에서는 방사형 무선전력전송의 효율을 최대화 하는 
송신 전류분포와 주어진 면적을 활용할 때 얻을 수 있는 최대 한계 
효율을 이론적으로 도출하였다. 본 연구의 결과를 통해, 기존의 
방식으로는 파악할 수 없었던 중거리 무선전력전송 효율의 최대 
한계치와 송신 전류분포의 최적 형태를 파악할 수 있다. 연구의 결론에 
따르면, 수신하는 안테나의 송신 방사 패턴이 효율을 결정함에 있어 
중요한 역할을 하였다. 제안한 이론을 실제 안테나에 적용하여 
선행연구와 비교를 하였고, 선행 연구로 파악할 수 없는 이론적 한계 
효율을 도출하였다. 제안한 연구를 일반적인 상황으로 확장하기 위해 
손실 매질 내부에서의 무선전력전송에 대한 추가 연구를 진행하였다. 
손실 매질이 있는 경우에서도 최적 전류 분포와 효율의 최대 한계치를 
도출하였다. 최적 송신 전류를 활용하여, 실제 안테나 어레이를 
구현하고 인체 팬텀에 미치는 영향을 파악해보았다. 
마지막으로, 앞서 도출한 이론적인 전류분포를 실제 안테나로 
구현하는 방법에 대해 연구를 진행하였다. 선행 연구를 참고하여, 
이상적인 전류분포를 thinned 배열로 구현하는 두가지 방법을 
제안하였다. 이론적인 전류 분포에 유전 알고리즘을 활용한 방법과, 
density tapering을 응용한 방법을 적용하였다. 두 방법 모두 동일한 
개수의 균등 어레이에 비해 성능이 개선되는 결과를 보였다. 특히 
density tapering을 이용하면 같은 개수 및 같은 면적의 격자구조보다 
비용, 무게, 효율 등에서 장점이 있으며, 수신기의 위치가 변할 때에도 
더 높은 효율로 송신이 가능하다.  
 
주요어: 전자파 에너지 하베스팅 안테나, 방사 무선 전력 전송, 
마이크로파 전력 전송, 효율 최적화, 이식 형 의료 기기, Thinned 배열 
 








전자파에 대한 관심만 있을 뿐, 이해가 부족했던 학생을 받아주시고 
학위과정을 지도해주신 남상욱 교수님께 가장 먼저 감사하다는 말씀을 
드리고 싶습니다. 겸손한 태도로 스스로에게 엄격하셨던 교수님의 
지도를 받으면서, 전공에 대한 지식과 삶을 대하는 태도를 배울 수 
있었습니다. 다듬어지지 않은 젊은 시기에, 교수님의 지도를 받을 수 
있었던 것이 커다란 행운이었다고 생각합니다. 졸업한 이후에도 
교수님의 가르침을 되새기며 진지하게 고민하고 배우면서 성장해 
나가도록 하겠습니다. 
바쁘신 와중에도 시간을 내어 학위논문을 지도해 주신 서광석 교수님, 
이정우 교수님, 오정석 교수님, 그리고 박익모 교수님께도 감사의 
인사를 드립니다. 교수님들께서 조언 해주신 부분을 바탕으로 논문의 
부족한 부분을 보완하고, 다양한 관점에서 저의 연구를 바라볼 수 
있었습니다. 
짧지 않은 학위 과정 동안 동고동락한 서울대학교 전파공학연구실의 
모든 구성원분들께도 감사의 인사를 드립니다. 선후배 분들과 함께 
지내면서 연구의 어려움도,, 개인적인 삶의 고됨도 이겨낼 수 
있었습니다. 연구실을 졸업한 이후에도 함께 삶을 헤쳐나가는 인연이 
되길 바라겠습니다. 
마지막으로, 천방지축 막내 아들을 언제까지나 믿어주시고 
물심양면으로 지원해 주신 부모님과, 인생의 선배이자 때로는 편안한 
친구가 되어주는 누나들에게 진심 가득한 감사의 마음을 전하고 
싶습니다. 가족의 따뜻한 지원과 응원 덕분에 어려움을 마주해도 
긍정적으로 이겨낼 수 있었습니다. 항상 힘이 되어주는 가족들에게 
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한없는 존경과 사랑의 마음을 표합니다. 
본 논문을 작성함에 도움주신 많은 분들에게 다시 한번 감사의 인사를 
올립니다.  
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